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ENGINEERING EXPERIMENT STATION 
GEORGIA INSTITUTE OF TECHNOLOGY • ATLANTA, GEGRGIA 303.32 
Rome Air Development Center 
PKRZ 
Griffiss AFB, NY 13441 
Attention: Lt. M. Craig 
19 October 1978 
Subject: R&D Status Report No. 1, Project A-2226, Contract F30602-78-
C-0230, "Parasitic Effects in Discrete Passive Components, 11 
covering the period from 11 September to 10 October 1978 
Gentlemen: 
The objective of this program is the development of modeling tech-
niques which will predict the parasitic behavior of discrete passive 
components over the frequency range of 1 Hz to 1 GHz. To facilitate 
program management, Georgia Tech has divided the contractually defined 
tasks into the following subtasks: 
Task 1: Development of modeling techniques using available data 
over the frequency range for which data exists. 
Subtask lA: Prepare component list (completed) 
Subtask lB: Survey and classify available data (underway) 
Subtask lC: Perform initial modeling and analysis 
( undenv-ay) 
Sub task lD: Prepare Test Plan· 1 
Sub task lE: Perform analysis based on available data 
Sub task lF: Give oral presentation of results 
Task 2: Extension of modeling techniques to 1 GHz using data 
obtained from measurement techniques to be developed. 
Subtask 2A: Define additional data requirements 
Subtask 2B: Develop measurement techniques 
Subtask 2C: Measure data 
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Subtask 2D: Perform initial modeling 
Subtask 2E: Perform initial analysis 
Subtask 2F: Prepare Test Plan 2 
Subtask ZG: Perform final modeling and analysis based 
on available and measured data 
Subtask 2H: Give oral presentation on results 
Task 3: Preparation of Final Report 
During this initial reporting period, primary emphasis has been 
placed on formulating the basic plans and taking the first steps in 
preparation for performing Tasks 1 and 2. On 19 and 20 September, a 
"kick-off" meeting was held at RADC. Attending this meeting were !vir. 
C. Paludi of RADC, Dr. J. t{halen of State University of New York at 
Buffalo, and Mr. H. Denny and Mr. J. Woody of Georgia Tech. The dis-
cussions consisted of a review of the general approach and a step-by-
step analysis of the statement of work (SOW). Specific items of the 
SOW were clarified. The following major points were agreed upon: 
• This effort is to develop techniques; models will fall out of 
the techniques. 
• The primary frequency range of interest is 1 MHz to 1 GHz; but 
models must also work at lower frequencies (i.e., down to 1Hz) 
• The needs of the Nonlinear Circuit Analysis Program (~CAP) are 
the prime motivator for this effort but a detailed knowledge of 
NCAP is not a specific requirement for performing the work. It 
was agreed, however, that Georgia Tech personnel will interact 
closely with RADC since the results of this effort are presently 
intended for use in NCAP. 
• Present emphasis will be on characterizing individual components 
(including typical lead lengths); the printed circuit board (PCB) 
substrate, strip length/widths, adjacent components, etc., (i.e., 
PCB effects) will be considered as time allows. 
• It was noted that evaluating the available manufacturer's data will 
be a large effort. 
• "Classification of data" as used in the SOW was defined to mean to 
categorize the data in the order of the method by which it is pre-
sented, i.e., the type of data available. 
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• Chip components are to be considered only i£ time permits; they 
are of lowest priority. 
• A low and a high cardinal value for each component was recommended 
by RADC for initial consideration; later in the program, if time 
permits, it may be desirable to examine a medium cardinal value. 
• Capacitors are probably the most important type of component to 
consider. It may be possible in many instances to represent 
resistors and inductors with the simple models that already exist, 
but capacitor parasitics seem to cause the most serious effects and, 
therefore, may require more complex models. 
• The test plan is to be a definitive plan of action detailing the 
steps to be taken in the evaluation and assessment of candidate 
modeling techniques. Before the test plan is formulated, Georgia 
Tech will necessarily develop modeling techniques using a limited 
number of the components selected to be modeled. Thus, some pre-
liminary analysis will be required to insure that correct techniques 
are being developed. After approval of the test plan, Georgia Tech 
will then apply the developed techniques to selected components and 
assess the model validity and accuracy vs. complexity. Therefore, 
analysis will be a continuous effort throughout the program with 
specific emphasis immediately following approval of the test plans. 
• In the test plan requirement of the SOW, the "baseline for comparison" 
was defined to mean a standard against which analytically derived 
data can be compared (i.e., what is the reference?) and a method for 
making the comparison. The "baseline for comparison" will describe 
how the comparison is to be accomplished--both what performance 
criteria is model performance to be compared with and what technique 
is to be used for making the comparisons. 
• It was noted that because of the way in which ~CAP operates, piece-
wise linear models may be needed for component characteristics which 
vary with frequency. 
• Task 2 is similar in form to Task 1 except that measurements must 
be performed to obtain the data on the components. 
Also during the meeting of 20 September, lists of component types, 
construction techniques, and manufacturers for resistors, capacitors, and 
inductors ~;..;ere presented to Mr. Paludi. Representative AF PCB-type com-
ponents to be considered on this program are to be selected from this list. 
The Air Force's recommendations of specific components were requested. Mr. 
Paludi also agreed to provide the available data on components which he has 
previously collected. 
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Additional efforts this month have included initiation of both 
Subtask lB and a review of modeling techniques. These efforts are 
expected to be completed during the next reporting period. Also, 
during the next reporting period, technical efforts will be directed 
toward completion of Subtask lB, performance of Subtask lC, and initi-
ation of Subtask lD. 
There have been no problems or technical difficulties encountered 
during this reporting period. 
JAW/slb 
Approved: 
D. W. Robertson, Director 




Status Report No. 1 for the period 






















*Estimated (precise accounting data not availabie as of report date). 
**Cumulative total plus estimate this period. 
Estimate of percentage of technical completion: 5% 
Projections for effort expenditure are being met. 
ENGINEERING EXPERIMENT STATION 
GEORGIA INSTITUTE OF TECHNOLOGY • ATLANTA, GEORGIA 30332 
Rome Air Development Center 
PKRZ 
Griffiss AFB, NY 13441 
Attention: Lt. M. Craig 
20 November 1978 
Subject: R&D Status Report No. 2, Project A-2226, Contract F30602-78-
C-0230, "Parasitic Effects in Discrete Passive Components," 
covering the period from 11 October to 10 November 1978 
Gentlemen: 
The objective of this program is the development of modeling tech-
niques which will predict the parasitic behavior of discrete passive 
components over the frequency range of 1 Hz to 1 GHz. To facilitate 
program management, Georgia Tech has divided the contractually defined 
tasks into the following subtasks: 
Task 1: Development of modeling techniques using available data 
over the frequency range for which data exists. 
Subtask lA: Prepare component list (completed) 
Subtask lB: Survey and classify available data (underway) 
Sub task lC: Perform initial modeling and analysis 
(underway) 
Sub task lD: Prepare Test Plan 1 (underway) 
Sub task lE: Perform analysis based on available data 
Sub task lF: Give oral presentation of results 
Task 2: Extension of modeling techniques to 1 GHz using data 
obtained from measurement techniques to be developed. 
Subtask 2A: Define additional data requirements 
Subtask 2B: Develop measurement techniques 
Subtask 2C: Measure data 
Subtask 2D: Perform initial modeling 
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Subtask 2E: Perform initial analysis 
Subtask 2F: Prepare Test Plan 2 
Subtask 2G: Perform final modeling and analysis based 
on available and measured data 
Subtask 2H: Give oral presentation on results 
Task 3: Preparation of Final Report 
Present Efforts 
The project efforts this month have included the continuation of 
Subtasks lB and lC and the initiation of Subtask lD. The status of 
Subtasks lA through lD is as follows: 
Subtask lA: On 26 October 1978, a m1n1mum list of components to be 
examined was received from RADC. This minimum list represents a subset 
of the candidate list presented to Mr. C. Paludi at the 20 September 1978 
meeting. Primary emphasis will be given to the components on this list 
since they represent typical components found on Air Force printed cir-
cuit boards. Also, included with this list were (1) limited component 
data, (2) sample components for four manufacturers, and (3) two sample 
printed circuit boards. 
Subtask lB: Particular emphasis has been given this month to 
surveying and classifying manufacturers' available data on the parasitic 
properties of their passive components. In surveying/collecting the 
available data, a total of 26 different manufacturers including 32 
manufacturing plants or divisions were contacted by telephone. After 
describing the objectives of this program, the following were discussed 
with each manufacturers' representative contacted: 
• A catalog was requested as a minimum. 
• Data in addition to catalog data was requested. 
• Measurement techniques were discussed and any available information 
was requested. 
• The possibility of obtaining samples for later measurements was 
discussed. 
• Where applicable, the possibility of a plant visit to observe their 
measurement techniques was discussed. 
Rome Air Development Center 
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The majority of the manufacturers' representatives which were con-
tacted indicated a desire to help in any way possible; however, a large 
number of them indicated that they had little, if any, data that would 
be of any benefit. Typical comments from manufacturers with very little 
data have included: 
• Too much effort to get data for what little use it has. 
• Available data leaves a lot to be desired; there is a problem in 
designing on paper. 
• They do know how component performs as a function of frequency. 
• Not many people ask for that kind of data. 
Some manufacturers have no data at all (at least one did not have a 
catalog) while others definitely have applicable data. In between these 
two extremes are (1) manufacturers who have only the limited data pub-
lished in their catalog and (2) manufacturers' representatives who think 
they have some data but will have to search through their files. Approx-
imately one third of the manufacturers contacted either had data in addi-
tion to their catalog or offered to search for additional data. Also, 
approximately one third indicated that it would probably be possible to 
obtain samples. 
In addition to the manufacturers contacted, Georgia Tech already 
had a limited amount of data on hand. This data, the data received from 
RADC, and the data received from the manufacturers is currently being 
classified and categorized accordillng to its type. 
Subtask lC: The effort to date on this subtask has consisted of 
a literature review. This review of the literature has been directed 
toward identifying various modeling techniques which may be applicable. 
During the next month, the initial modeling and analysis will be per-
formed by applying some of these identified techniques to representative 
data. 
Subtask lD: We have begun preparation of the Test Plan Number 1. 
A tentative outline is currently being formulated. This test plan will 
describe the manufacturers' data obtained, the modeling techniques form-
ulated, the manner in which the modeling techniques will be evaluated, 
and the type of results expected and the format in which it will be pre-
sented. 
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Future Efforts 
During the next reporting period, we expect to complete Subtasks lB, 
lC, and lD. 
Problem Areas 
The major difficulty encountered this month was that many manufacturers 
appear to have very little data on the performance of their components as 
a function of frequency. This lack of data will limit the modeling tech-
niques which can be used. This type of data will probably not be available 
until we measure it in Task 2. 
JAW/slb 
APPROVED: 
D. W. Robertson, Director 






Status Report No. 2 for the period 






















*Estimated (precise accounting data not available as of report date). 
**Cumulative total plus estimate this period. 
Estimate of percentage of technical completion: 9% 
Projections for effort expenditure are being met. 
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ENGINEERING EXPERIMENT STATION 
GEORGIA INSTITUTE OF TECHNOLOGY • ATLANTA, GEORGIA 30332 
18 December 1978 
Rome Air Development Center 
PKRZ 
Griffiss AFB, NY 13441 
Attention: Lt. M. Craig 
Subject: R&D Status Report No. 3, Project A-2226, Contract F30602-78-
C-0203, "Parasitic Effects in Discrete Passive Components," 
covering the period from 11 November to 10 December 1978 
Gentlemen: 
The objective of this program is the development of modeling tech-
niques which will predict the parasitic behavior of discrete passive 
components over the frequency range of 1 Hz to 1 GHz. To facilitate 
program management, Georgia Tech has divided the contractually defined 
tasks into the following subtasks: 
Task 1: Development of modeling techniques using available data 
over the frequency range for which data exist. 
Subtask lA: Prepare component list (completed) 
Subtask lB: Survey and classify available data 
(underway) 
Subtask lC: Perform initial modeling and analysis 
(underway) 
Subtask lD: Prepare Test Plan 1 (underway) 
Subtask lE: Perform analysis based on available data 
Subtask lF: Give oral presentation of results 
Task 2: Extension of modeling techniques to 1 GHz using data 
obtained from measurement techniques to be developed. 
Subtask 2A: Define additional data requirements 
Subtask 2B: Develop measurement techniques 
Subtask 2C: Heasure data 
Subtask 2D: Perform initial modeling 
An Equal Employment/Education Opportunity Institution 
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Subtask 2E: Perform initial analysis 
Subtask 2F: Prepare Test Plan 2 
Subtask 2G: Perform final modeling and analysis based 
on available and measured data 
Subtask 2H: Give oral presentation on results 
Task 3: Preparation of Final Report 
Present Efforts 
The technical activities this month have been directed toward 
Subtasks lB, lC, and lD with primary emphasis on Subtask lD. The 
status of Subtasks lB through lD is as follows: 
Subtask lB: The survey and classification of manufacturers' 
available data is near completion. A total of 35 different manufacturers 
including 43 manufacturing plants or divisions were contacted. Catalogs, 
additional parasitic data, and sample components were requested from 
each manufacturer's representative contacted. A significant portion 
of this requested material has been received. The literature received 
has been filed alphabetically by manufacturer and the type of parasitic 
data available from each manufacturer has been categorized in tables 
according to component type. Currently the samples received are being 
categorized. As material is received from the remaining manufacturers, 
it will be added to the files and tables. 
Subtask lC: Three candidate modeling approaches have been identified 
on this subtask: 
• Direct Calculation 
• Engineering Approximation 
• Analytical Approximation 
These approaches are expected to form the basis for all the modeling tech-
niques to be developed and analyzed using the available techniques. The 
resulting specific modeling technique for a given type of data will be a 
variation of one of these basic approaches. Because of the inability 
of one of these approaches to handle all situations, all three are cur-
rently being considered. 
Subtask lD: The Test Plan for Task 1 is also near completion. It 
describes the manufacturers' data obtained, the components selected for 
modeling, the three basic modeling approaches, the criteria and methods 
for validating specific modeling techniques, and the type and form of 
results expected. The type of data available is summarized in tables 
presented in the Appendices. 
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Future Efforts 
During the next month, it is anticipated that Subtasks lB and lD 
will be completed; Subtask lC will be continued and Subtask lE will be 
initiated as a continuation of Subtask lC. 
Problem Areas • 
During this month, the major difficulties were identifying the 
specific variations in the three basic modeling approaches, determining 
under which conditions each variation applies, and learning the specific 
steps for applying each variation. These difficulties are expected to 
be overcome as the project continues. 
Respectfully submitted, 
(zt ""' ,. -~ .. -~ f r ' • , -___:::_~- ~. 7 




D. W. Robertson, Director 
Electronics Technology Laboratory 
Supporting Data 
Status Report No. 3 for the period 






















*Estimated (precise accounting data not available as of report date). 
**Cumulative total plus estimate this period. 
Estimate of percentage of technical completion: 14% 
Projections for effort expenditure are being met. 
ENGINEERING EXPERIMENT STATION 
GEORGIA INSTITUTE OF TECHNOLOGY • ATLANTA, GEORGIA 30332 
23 January 1979 
Rome Air Development Center 
PKRZ 
Griffiss AFB, NY 13441 
Attention: Lt. M. Craig 
Subject: R&D Status Report No. 4, Project A-2226, Contract F30602-78-C-
0203, "Parasitic Effects in Discrete Passive Components," 
covering the period from 11 December 1978 to 10 January 1979 
Gentlemen: 
The objective of this program is the development of modeling tech-
niques which will predict the parasitic behavior of discrete passive 
components over the frequency range of 1 Hz to 1 GHz. To facilitate 
program management, Georgia Tech has divided the contractually defined 
tasks into the following subtasks: 
Task 1: Development of modeling techniques using available data 
over the frequency range for which data exist. 
Subtask lA: Prepare component list (completed) 
Subtask lB: Survey and classify available data 
(completed) 
Subtask lC: Perform initial modeling and analysis 
(underway) 
Subtask lD: Prepare Test Plan 1 (completed) 
Subtask lE: Perform analysis based on available data 
(underway) 
Subtask lF: Give oral presentation of results 
Task 2: Extension of modeling techniques to 1 GHz using data 
obtained from measurement techniques to be developed. 
Subtask 2A: Define additional data requirements 
Subtask 2B: Develop measurement techniques 
Subtask 2C: Measure data 
An Equal Employment/Education Opportunity Institution 
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Sub task 2D: 
Sub task 2E: 
Sub task 2F: 
Sub task 2G: 
Perform initial modeling 
Perform initial analysis 
Prepare Test Plan 2 
Perform final modeling and analysis 
on available and measured data 
Subtask 2H: Give oral presentation on results 
Task 3: Preparation of Final Report 
Present Efforts 
based 
The technical activities this month have been directed toward Sub-
tasks lB, lC, lD, and lE. The status of Subtasks lB through lE is as 
follows: 
Subtask lB: The survey and classification of manufacturers' available 
data has been completed. A total of 35 different manufacturers including 
43 manufacturing plants or divisions were contacted. During each contact: 
1. A catalog was requested as a minimum; 
2. Any available data, in addition to catalog data, was requested; 
3. Measurement facilities and techniques were discussed, and any 
available information was requested; 
4. The possibility of obtaining sample components for later measure-
ments was discussed; and 
5. The possibility of a plant visit to observe the measurement 
facilities and techniques was discussed. 
Some of the manufacturers have little or no data describing the parasitic 
behavior of their components while others have data over a limited fre-
quency range. The data received as a result of this survey, as well as 
some additional data available at Georgia Tech and data received from RADC, 
has been filed by manufacturer. The type of available data from each 
manufacturer has been categorized by component types. 
In addition to the data supplied by the majority of the manufacturers 
contacted, approximately one half of the manufacturers have forwarded 
sample components (mostly resistors). The sample components received 
have been classified in tables according to manufacturer and component 
type. 
Rome Air Development Center 
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Subtasks lC and lE: The three candidate modeling techniques are: 
• Direct Calculation, 
• Engineering Approximation, and 
• Analytical Approximation 
The investigation and analysis of each of these approaches have continued 
this month. The basic steps, adtantages, and disadvantages of each of 
these approaches were presented in Test Plan 1 (Subtask lD, below). 
Included in Test Plan 1 were also examples of the first two approaches. 
Currently the appropriate modeling approach(es) is being applied to 
the components selected for modeling. 
Subtask lD: The draft of the Test Plan for Task 1 was completed 
during this reporting period and forwarded to RADC. It contains, in 
addition to the. information described above, a description of the survey 
of available data, a categorization of the data obtained according to 
component type, the presentation of components selected for modeling and 
the selection rationale, and a discussion of the validation procedures. 
Future Efforts 
During the next report period, it is anticipated that Subtask lC 
will be completed and that the efforts on this subtask will be continued 
on Subtask lE. 
Problem Areas 
During this montht the major difficulties were identifying the 
specific variations in the three basic modeling approaches, determining 
under which conditions each variation applies, and learning the specific 
steps for applying each variation. These difficulties are expected to be 
overcome as.the project continues. 
JA~~/ sb 
APPROV~': v. I~~ 
D. W. Robertson, Director 
Electronics Technology Laboratory 
Respectfully submitted, 
Supporting Data 
Status Report No. 4 for the period 






















*Estimated (precise accounting data not available as of report date). 
**Cumulative total plus estimate this period. 
Estimate of percentage of technical completion: 19% 
Projections for effort expenditure are being met. 
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ENGINEERING EXPERIMENT STATION 
GEORGIA INSTITUTE OF TECHNOLOGY • ATLANTA, GEORGIA 30332 
16 February 1979 
Rome Air Development Center 
PKRZ 
Griffiss AFB, NY 13441 
Attention: Lt. M. Craig 
Subject: R&D Status Report No. 5, Project A-2226, Contract F30602-78-
C-0203, "Parasitic Effects in Discrete Passive Components," 
covering the period from 11 January to 10 February 1979 
Gentlemen: 
The objective of this program is the development of modeling tech-
niques which will predict the parasitic behavior of discrete passive 
components over the frequency range of 1 Hz to 1 GHz. To facilitate 
program management, Georgia Tech has divided the contractually defined 
tasks into the following subtasks: 
Task 1: Development of modeling techniques using available data 
over the frequency range for which data exist. 
Subtask lA: Prepare component list (completed) 
Subtask lB: Survey and classify available data 
(completed)· 
Subtask lC: Perform initial modeling and analysis 
(completed) 
Subtask lD: Prepared Test Plan 1 (completed) 
Subtask lE: Perform analysis based on available data 
(underway) 
Subtask lF: Give oral presentation of results 
Task 2: Extension of modeling techniques to 1 GHz using data 
obtained from measurement techniques to be developed. 
Subtask 2A: Define additional data requirements 
Subtask 2B: Develop measurement techniques 
Subtask 2C: Measure data 
An Equal Employment/Education Opportunity Institution 
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Subtask 2D: Perform initial modeling 
Subtask 2E: Perf or~ initial analysis 
Sub task 2F: Prepare Test Plan 2 
Subtask 2G: Perform final modeling and analysis based 
on available and measured data 
Subtask 2H: Give oral presentation on results 
Task 3: Preparation of Final Report 
Present Efforts 
The technical activities this month have been directed toward Sub-
tasks lC and lE. The status of these two subtasks is as follows: 
Subtasks lC and lE: The specific types and values of components 
selected for modeling in Table II of Test Plan 1 have been compared 
with the types and values of samples received from the manufacturers. 
Where appropriat~ the values of the components to be modeled were changed 
to agree with the samples so that some of the same value components could 
be used on both Tasks 1 and 2. A new list of these components is currently 
being prepared. 
Where appropriate data is available, all of the components on the 
list have been modeled using the Direct Calculation modeling techniques. 
These models are currently being analyzed and the modeling of these com-
ponents using the Engineering Approximation technique is being initiated. 
In addition to the above activities, a program review meeting was 
held at Georgia Tech on 18 January 1979. Attending this meeting were 
Mr. C. A. Paludi of RADC and Mr. J. A. Woody and Mr. H. W. Denny of 
Georgia Tech. The status of the project work was reviewed in detail; 
each of the specific subtasks performed to date were discussed; the 
data and sample components received from component manufacturers were 
reviewed; and the plans for the future subtasks were outlined. 
Future Efforts 
During the next reporting period it is anticipated that Subtask lE 
will be completed and that the oral presentation (Subtask lF) ~f the 
results of Task 1 will be given near the end of that period. 
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Problem Areas 
During this month, the major difficulties were identifying the 
specific variations in the three basic modeling approaches, determining 
under which conditions each variation applies, and learning the specific 
steps for applying each variation. These difficulties are expected to 






D. W. Robertson, Director 




Status Report No. 5 for the period 






















*Estimated (precise accounting data not available as of report date). 
**Cumulative total plus estimate this period. 
Estimate of percentage of technical completion: 25% 
Projections for effort expenditure are being met. 
ENGINEERING EXPERIMENT STATION 
GEORGIA INSTITUTE OF TECHNOLOGY • ATLANTA, GEORGIA 30332 
Rome Air Development Center 
PKRZ 
Griffiss AFB, NY 13441 
Attention: Lt. M. Craig 
19 March 1979 
Subject: R&D Status Report No. 6, Project A-2226, Contract F30602-78-
C-0203, "Parasitic Effects in Discrete Passive Components," 
covering the period from 11 February to 10 March 1979 
Gentlemen: 
The objective of this program is the development of modeling tech-
niques which will predict the parasitic behavior of discrete passive 
components over the frequency range of 1 Hz to 1 GHz. To facilitate 
program management, Georgia Tech has divided the contractually defined 
tasks into the following subtasks: 
Task 1: Development of modeling techniques using available data 
over the frequency range for which data exist. 
Subtask lA: Prepare component list 
(completed) 
Subtask lB: Survey and classify available data 
(completed) 
Sub task lC: Perform initial modeling and analysis 
( coio.pleted) 
Subtask lD: Prepare Test Plan 1 
(completed) 
Sub task lE: Perform analysis based on available data 
(underway) 
Sub task lF: Give oral presentation of results 
Task 2: Extension of modeling techniques to 1 GHz using data 









Define additional data requirements 
Develop measurement techniques 
Measure data 
Perform initial modeling 
Perform initial analysis 
Prepare Test Plan 2 
Perform final modeling and analysis based 
on available and measured data 
Give oral presentation on results 
Task 3: Preparation of Final Report 
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Present Efforts 
The technical activities this month have been directed toward Sub-
task lE. The status of this subtask is as follows: 
Subtask lE: The application of both the Direct Calculation and the 
Engineering Approximation modeling techniques to the selected components 
has continued. Presently, where appropriate data is available, all of the 
selected components have been modeled using both techniques. Currently, 
these two modeling techniques and the resulting models are being analyzed. 
Also, modeling of the components using the Analytical Approximation tech-
nique is being initiated. 
Future Efforts 
Plans for next month include the completion of Subtasks lE and lF 
and initiation of Subtasks 2A and 2B. 
Problem Areas 
During this month, the major difficulties were again identifying the 
specific variations in the three basic modeling approaches, determining 
under which conditions each variation applies, and learning the specific 
steps for applying each variation. These difficulties are expected to be 
overcome as the project continues. 
JAW/slb 
APPROVED: 
PV 'v v . I \,:QQ: VWVf',_V. 
D. W. Robertson, Director 
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Estimated (precise accounting data not available as of report date). 
** Cumulative total plus estimate this period. 
Estimate of percentage of technical completion: 29% 
Projections for effort expenditure are being met. 
ENGINEERING EXPERIMENT STATION 
GEORGIA INSTITUTE OF TECHNOLOGY • ATLANTA. GEORGIA 30332 
Rome Air Development Center 
PKRZ 
Griffiss AFB, NY 13441 
Attention: Lt. M. Craig 
16 April 1979 
Subject: R&D Status Report No. 7, Project A-2226, Contract F30602-78-
C-0230, "Parasitic Effects in Discrete Passive Components," 
covering the period from 11 March to 10 April 1979. 
Gentlemen: 
The objective of this program is the development of modeling tech-
niques which will predict the parasitic behavior of discrete passive 
components over the frequency range of 1 Hz to 1 GHz. To facilitaee 
program management, Georgia Tech has divided the contractually defined 
tasks into the following subtasks: 
Task 1: Development of modeling techniques using available data 
over the frequency range for which data exist. 
Subtask lA: Prepare component list 
(completed) 
Subtask lB: Survey and classify available data 
(completed) 
Sub task lC: Perform initial modeling and analysis 
(completed) 
Sub task lD: Prepare Test Plan 1 
(completed) 
Sub task lE: Perform analysis based on available data 
(underway) 
Subtask lF: Give oral presentation of results 
Task 2: Extension of modeling techniques to 1 GHz using data 
obtained from measurement techniques to be developed. 
Sub task 2A: Define additional data requirements (underway) 
Sub task 2B: Develop measurement techniques (underway) 
Sub task 2C: Measure data 
Subtask 2D: Perform initial modeling 
Sub task 2E: Perform initial analysis 
Subtask 2F: Prepare Test Plan 2 
Subtask 2G: Perform final modeling and analysis based 
on available and measured data 
Subtask 2H: Give oral presentation on results 
Task 3: Preparation of Final Report 
An Equal Employment/Education Opportunity histitution 
Rome Air Development Center 
16 April 1979 
Page 2 
Present Efforts 
This month primary emphasis has been placed on performing Subtask lE. 
Also, preliminary efforts were directed toward Subtasks 2A and 2B. The 
status of these subtasks is as follows: 
Subtask lE: The selected components have been modeled using both the 
Direct Calculation and the Engineering Approximation modeling techniques 
where sufficient data is furnished by the manufacturers. Currently, the 
applicability and appropriateness of these two techniques for use with 
manufacturers' data are being analyzed. This analysis considers the useful-
ness of a particular type data, the accuracy of the results, and the com-
plexity of the resulting model. 
Subtasks 2A and 2B: Limited efforts have been direct.ed toward 
defining the data required to perform the modeling and analysis in Task 2. 
These efforts have also involved defining and developing the measurement 
techniques necessary to obtain the required data. 
Future Efforts 
It is anticipated that technical activities next month will include 
the completion of Subtask lE and the continuation of Subtasks 2A and 2B. 
Also, plans include giving the oral presentation of the results of Task 1 
identified as Subtask lF. 
Problem Areas 
The major difficulties this month were in identifying the specific 
variations in the modeling techniques, determining which variations are 
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D. w: Robertson, Director 
Electronics Technology Laboratory 
Respectfully submitted, 
/r:r. n-~ . -~----,\ 
· Project Director 
Supporting Data 
Status Report No. 7 for the period 























Estimated (precise accounting data not available as of report date). 
** Cumulative total plus estimate this period. 
Estimate of percentage of technical completion: 34% 
Projections for effort expenditure are being met. 
ENGINEERING EXPERIMENT STATION 
GEORGIA INSTITUTE OF TECHNOLOGY • ATLANTA, GEORGIA 30332 
Rome Air Development Center 
PKRZ 
Griffiss AFB, NY 13441 
Attention: Lt. M. Craig 
17 May 1979 
Subject: R&D Status Report No. 8, Project A-2226, Contract F30602-78-
C-0230, "Parasitic Effects in Discrete Passive Components," 
covering the period from 11 April to 10 May 1979. 
Gentlemen: 
The objective of this program is the development of modeling tech-
niques which will predict the parasitic behavior of discrete passive 
components over the frequency range of 1 Hz to 1 GHz. To facilitate 
program management, Georgia Tech has divided the contractually defined 
tasks into the following subtasks: 
Task 1: Development of modeling techniques using available data 
over the frequency range for which data exist. 
Sub task lA: Prepare component list 
(completed) 
Sub task lB: Survey and classify available data 
(completed) 
Sub task lC: Perform initial modeling and analysis 
(completed) 
Sub task lD: Prepare Test Plan 1 
(completed) 
Subtask lE: Perform analysis based on available data 
(underway) 
Subtask lF: Give oral presentation of results 
Task 2: Extension of modeling techniques to 1 GHz using data 








Define additional data requirements (underway) 
Develop measurement techniques (underway) 
Measure data 
Perform initial modeling 
Perform initial analysis 
Prepare Test Plan 2 
Perform final modeling and analysis based 
on available and measured data 
Subtask 2H: Give oral presentation on results 
Task 3: Preparation of Final Report 
An Equal Employment/Education Opportunity Institution 
Rome Air Development Center 
17 May 1979 
Page 2 
Present Efforts 
The technical activities this month have been directed toward Sub-
tasks lE, lF, 2A and 2B. The status of these subtasks is as follows: 
Subtask lE: The analysis of the applicability and appropriateness 
of both the Direct Calculation and the Engineering Approximation modeling 
techniques for use with manufacturers data has continued. The modeling 
of a total of 9 components including 6 types of components has been 
analyzed in detail. This analysis considers the usefulness of a particu-
lar type data, the accuracy of the results, and the complexity of the 
resulting model. As this subtask is being performed, all observations 
are recorded in chronological order. Also, overall conclusions resulting 
from the observations are being noted and recorded. 
Subtask lF: Arrangements and preparations for g1v1ng the oral presen-
tation of the results of Task 1 were made this report period. This presen-
tation is scheduled for the week of 14 May 1979. 
Subtasks 2A and 2B: Technical efforts directed toward defining data 
requirements and developing measurement techniques have continued. Based 
on the observations that have been made on Task 1 and on preliminary 
investigations of available measurement equipment, it has been concluded 
that the most appropriate data to measure is the complex impedance of the 
component as a function of frequency. Preliminary investigations·indicate 
that possible test equipment systems that may be used to determine the 
impedance over the indicated frequency range are as follows: 
• 5 Hz to. 550 kHz--Vector_ Impedance Meter (HP 4800A) 
• 500kHz to 108 MHz--RFVector Impedance Meter (HP 4815A) 
• 400 kHz to 500 MHz--RF Network Analyzer System with Immittance 
Probe .or :with Transmission/Reflection Bridge (GR 1710 System) 
• 100 MHz to 1 GHz--reflectometer system, e.g., a sweep generator, 
a Vector Voltmeter .(HP 8405A), and a precision Dual Directional 
Coupler (HP 778D-12) or an insertion loss system, e.g., a sweep 
generator, a wide band detector, and a display unit. 
The systems listed above are currently being investigated to identify 
the one most appropriate for use in obtaining the required data. 
Future Efforts 
During the next reporting period, it is anticipated that Subtask 
lE will be continued on a limited basis, Subtasks lF and 2A will be 
completed, and Subtask 2B will continue and become Subtask 2C. 
Rome Air Development Center 
18 May 1979 
Page 3 
Problem Areas 
The major difficulties this month were in determining which test 
equipment/system will provide the most accurate data and in determining 
the degree of measurement accuracy required. These questions are expected 
to be answered next month. 
JAW/slb 
APPROVED: 
D. W. Robertson, Director 
Electronics Technology Laboratory 
<.. 
Respectfully submitted, 
1J A. w~~ '--' 
Project Director 
Supporting Data 
Status Report No. 8 for the period 























Estimated (precise accounting data not available as of report date). 
** Cumulative total plus estimate this period. 
Estimate of percentage of technical completion: 42% 
Projections for effort expenditure are being met. 
ENGINEERING EXPERIMENT STATION 
GEORGIA INSTITUTE OF TECHNOLOGY e ATLANTA, GEORGIA 30332 
18 June 1979 
Rome Air Development Center 
PKRZ 
Griffiss AFB, NY 13441 
Attention: Lt. ~t. Craig 
Subject: R&D Status Report No. 9, Project A-2226, Contract F30602-78-
C-0230, "Parasitic Effects in Discrete Passive Components," 
covering the period from 11 May to 10 June 1979. 
Gentlemen: 
The objective of this program is the development of mod<~ling techniques 
which will predict the parasitic behavior of discrete passive components over the 
frequency range of 1 Hz to 1 GHz .. To facilitiate program management, Georgia 




Development of modeling techniques using available data over 
the frequency range for which data existo 
Sub task 1 A: Prepare component list 
(completed) 
Subtask 1B: Survey and classify available data 
(completed) 
Subtask lC: Perform initial modeling and analysis 
(completed) 
Subtask ID: Prepare Test Plan l 
(completed) 
Subtask IE: Perform analysis based on available data 
(completed) 
Subtask 2F: Give oral presentation of results 
(completed) 
Extension of modeling techniques to 1 G Hz using data obtained 
from measurement techniques to be developed. 
Subtask 2A: Define additional data requirements (underway) 
Subtask 2B: Develop measurement techniques {underway) 
Subtask 2C: Measure data 
Subtask 20: Perform initial modeling 
Subtask 2E: Perform initial analysis 
Subtask 2F: Prepare Test Plan 2 (completed) 
Subtask 2G: Perform final modeling and analysis based on 
available and measured data 
Subtask 2H: Give oral presentation on results 
Preparation of Final Report 
An Equal Employment/Education Opportunity Institution 
Present Efforts 
The technical activities this month have been directed toward Subtasks lE, 
1 F, 2A, 2B, and 2F. The status of these subtasks is as follows: 
Subtask IE: The analysis of the applicability and appropriateness of both 
the Direct Calculation and Engineering Approximation modeling techniques for 
use with manufacturers' data has been completed.. The Analytical Approximation 
modeling technique was not used with manufacturers' available data because of 
its complexity and the lack of sufficient data., The modeling of a total of 10 compo-
nents including 6 different types of cornponents has been analyzed in detail.. These 
specific components were chosen after careful review of the manufacturers' data 
to provide a selection with data representative of that available. For example, 
only one inductor was chosen for modeling analysis since the rnanufacturer of 
this inductor provides all of the types of data that any of the other manufacturers 
provide and since this data has the same generic characteristics as data from other 
manufacturers. During the analysis~ the usefulness of a particular type data, the 
accuracy of the results, and the complexity of the resulting n1odel were considered .. 
All observations were recorded in chronological order as this subtask was performed. 
Also, overall conclusions resulting frorn the observations were noted and recorded. 
Subtask IF: On 15 and 16 May 1979, Mr~ C .. A. Paludi, Jro, the Contracting 
Officer's Technical Representative, visited Georgia Tech for a project status review 
me~ting and for planning future project activities .. On the first day, an oral presen-
tation of the project status, the results of Task 1, and the planned future actions 
was given. The efforts in each of the following areas were described and discussed 
in detail: 
Survey /classify available data - The manufacturers contacted~ the 
information and material requested, the manner in which the received 
material was classified/categorized, and the types of data available 
from manufacturers were reviewed; 
Modeling/analysis based on available data- The components selected 
for modeling, the techniques used in the modellng, and the specific 
methods used to analyze the modeling techniques were indicated; 
and 
Observations/conclusions- The observations made~ the types of observa-
tions being made, and the specific overall conclusions based on the 
observations for each type component (R, L, & C) were set forth. 
On 16 May 1979, the project activities on Subtasks 2A and 2B were discussed. 
Subtasks 2A and 2B: Technical efforts directed toward defining data require-
ments and developing measurement techniques have continued.. Based on the obser-
vations that have been made on Task 1 and on preliminary investigations of available 
measurement equipment, it has been concluded that the most appropriate data 
to use in modeling is the complex impedance of the component as a function of 
frequency. On the second day of Mr. PaludPs visit, the various measurement 
techniques which have been investigated to date were reviewedo The operation 
of each technique, the measurable quantitiess the applicable frequency ranges, 
and the associated difficulties and limitations were discussed. 
One specific difficulty discussed in detail was that of making accurate mea-
surements of the complex impedance at every frequency. For example, the complex 
impedance can be derived from the complex reflection coefficient which in turn 
can be calculated from data measured with a reflectometer system. However, 
when data on an inductor was measured with a reflectometer system consisting 
of a Precision Dual Directional Coupler, Hewlett-Packard Model 778D-l2, and 
a Vector V~ltmeter, Hewlett-Packard Model 84-05 A, the magnitude of the complex 
reflection coefficient was calculated to be slightly greater than l at some frequencies. 
Such a reflection coefficient yields an impedance with a negative real part which 
is obviously incorrect for real, passive inductors.. After careful review of the 
variation of the complex reflection coefficient (and the complex impedance) with 
frequency and the realization that the magnitude of the reflection coefficient 
of a pure reactive component should be l, it was concluded that the results were 
well within the accuracy of the instrumentation and that the generic shape of 
the resulting impedance curve was correct within this accuracy .. 
As a result of the discussions with Mr. Paludi and the above measurements, 
it was concluded that although high accuracy is desirable, it is more important 
that the results be usable by the majority of the potential users. For example, 
it was concluded that the ability to obtain precise values of impedance is of lower 
priority than the ability to describe the generic shape of the impedance curve 
and the ability to model that curve. With these considerations in mind, an approach 
for measuring selected components has been forrnulated and has been submitted 
in the Test Plan for Task 2. 
Subtask 2F: The draft of the Test Plan for Task 2 was completed during 
this reporting period and forwarded to RADC on 11 June 1979. It contains, in 
addition to the information described above, a discussion of the analysis and valida-
tion procedures. 
Future Efforts 
During the next reporting period, it ls anticipated that Subtask 2B will be 
completed, Subtask 2C will be continued and Subtasks 2D and 2E will be initiated. 
Problem Areas 
The major difficulties this month were in determining which test equipment/system 
will provide the most accurate data and in determining the degt'ee of accuracy 
required. These difficulties were discussed above under Subtasl<s 2A and 2B. 
JAW /sib 
APPROVED: 
D. W. Robertson, Director 
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Estimated (precise accounting data not available as of repor-t date) .. 
** Cumulative total plus estimate this period. 
Estimate of percentage of technical completion: 55% 
Projections for effort expenditure are beil1g met. 
ENGINEERING EXPERIMENT STATION 
Rome Air Development Center 
PKRZ 
Griffiss AFB, NY 13441 
Attn: Lt. M. Craig 
GEORGIA INSTITUTE OF TECHNOLOGY • ATLANTA, GEORGIA 30332 
17 July 1979 
Subj: R&D Status Report No. 10, Project A-2226, Contract F30602-78-C-
0230, "Parasitic Effects in Discrete Passive Components," covering 
the period from 11 June to 10 July 1979. 
Gentlemen: 
The object of this program is the development of modeling techniques 
which will predict the parasitic behavior of discrete passive components 
over the frequency range of 1 Hz to 1 GHz. To facilitate program manage-
ment, Georgia Tech has divided the contractually defined tasks into the 
following subtasks: 
Task 1: Development of modeling techniques using available data 
over the frequency range for which data exist. 
Sub task 1A: Prepare component list 
(completed) 
Sub task 1B: Survey and classify available data 
(completed) 
Sub task 1C: Perform initial modeling and analysis 
(completed) 
Sub task 1D: Prepare Test Plan 1 
(completed) 
Sub task 1E: Perform analysis based on available data 
(completed) 
Sub task 1F: Give oral presentation of results 
(completed) 
Task 2: Extension of modeling techniques to 1 GHz using data obtained 









Define additional data requirements (completed) 
Develop measurement techniques (underway) 
Measure data (underway) 
Perform initial modeling 
Perform initial analysis 
Prepare Test Plan 2 (completed) 
Perform final modeling and analysis based on 
available and measured data 
Give oral presentation of results 
Task 3: Preparation of Final Report 
An Equal Employment/Education Opportunity Institution 
Present Efforts 
During this reporting period, the project activities have been directed 
toward Subtasks 2A, 2B, and 2C. The status of these subtasks is as follows: 
Subtask 2A: Based on the observations that were made on Task 1 and 
on the investigations of the types of measurement equipments, it has been 
concluded that the most appropriate data for use in modeling is the complex 
impedance of the component as a function of frequency. Thus, this subtask 
has been completed. 
Subtask 2B: Project activities directed toward the development of 
measurement techniques have continued this month. Each of the following 
measurement equipments/systems have been set up and checked out to ensure 







5 Hz to 550 kHz --
500 kHz to 108 MHz 
500 kHz to 500 MHz 
500 kHz to 1 GHz --
100 MHz to 1 GHz --
Vector Impedance Meter (HP 4800A) 
RF Vector Impedance Meter (HP 4815A) 
-- RF Network Analyzer System with Immittance 
Probe (GR 1710 System) 
Insertion loss system consisting of a Spectrum 
Analyzer (HP 141T System), a Tracking Generator 
(HP 8444A), and an Insertion Unit (GR 874-X) 
component mount 
Reflectometer system consisting of a sweep 
generator, a Vector Voltmeter (HP 8405A), and 
a precision Dual Directional Coupler 
Several of the applicable frequency ranges for these various equipments 
and systems overlap. Therefore, measurements at a common frequency were 
made on a single component and the results were compared. A comparison 
of the impedance data obtained with the RF Vector Impedance Meter, the 
GR Network Analyzer System, and the reflectometer system indicates that 
at a common measurement frequency a wide spread in the measured data occurs. 
For example, at 100 MHz, the value indicated by the RF Vector Impedance 
Meter was approximately 156 per cent of the value measured on the reflecto-
meter system. These differences are presently being investigated. 
Subtask 2C: Concurrently with Subtask 2B, measurements of the impedance 
of components are being performed. In order to develop, check out, and 
calibrate a measurement technique (equipment/system), components are measured. 
The resulting data is being recorded for use later in the program. 
Future Efforts 
During next month, it is anticipated that Subtask 2B will be completed, 
Subtask 2C will be continued, and Subtasks 2D and 2E will be initiated. 
Problem Areas 
The major difficulties during this reporting period were associated 
with the differences in the values of impedance obtained with the various 
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H. W. Denny, Head 
Electromagnetic Compatibility Branch 
Electronics Technology Laboratory 
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*Estimated (precise accounting data not available as of report date). 
**Cumulative total plus estimate this period. 
Estimate of percentage of technical completion: 62% 
Projections for effort expenditure are being met. 
( 
ENGINEERING EXPERIMENT STATION 
Rome Air Development Center 
PKRZ 
Griffiss AFB, NY 13441 
Attn: Lt. M. Craig 
GEORGIA INSTITUTE OF TECHNOLOGY • ATLANTA, GEORGIA 30332 
17 August 1979 
Subj: R&D Status Report No. 11, Project A-2226, Contract F30602-78-C-0230, 
"Parasitic Effects in Discrete Passive Components," covering the 
period from 11 July to 10 August 1979. 
Gentlemen: 
The object of this program is the development of modeling techniques 
which will predict the parasitic behavior of discrete passive components 
over the frequency range of 1 Hz to 1 GHz. To facilitate program manage-
ment, Georgia Tech has divided the contractually defined tasks into the 
following subtasks: 
Task 1: Development of modeling techniques using available data over 
the frequency range for which data exist. 
Sub task 1A: Prepare component list 
(completed) 
Sub task 1B: Survey and classify available data 
(completed) 
Sub task 1C: Perform initial modeling and analysis 
(completed) 
Sub task 10: Prepare Test Plan 1 
(completed) 
Sub task 1E: Perform analysis based on available data 
(completed) 
Sub task 1F: Give oral presentation of results 
(completed) 
Task 2: Extension of modeling techniques to 1 GHz using data obtained 
from measurement techniques to be developed. 
Sub task 2A: 
Sub task 2B: 
Sub task 2C: 
Sub task 2D: 
Sub task 2E: 
Sub task 2F: 
Sub task 2G: 
Sub task 2H: 
Define additional data requirements (completed) 
Develop measurement techniques (completed) 
Measure data (underway) 
Perform initial modeling (underway) 
Perform initial analysis (underway) 
Prepare Test Plan 2 (completed) 
Perform final modeling and analysis based on 
available and measured data (underway) 
Give oral presentation of results 
Task 3: Preparation of Final Report 
An Equal Employment/Education Opportunity Institution 
Present Efforts 
During this reporting period, the project activities have been directed 
toward Subtasks 2B, 2C, 2D, and 2E. The status of these subtasks is as 
follows: 
Subtask 2B: Project activities directed toward the development of 
measurement techniques have been completed this month. The instrumentation 
systems indentified in the previous status report have been selected for 
use. The discontinuities in the data at measurement frequencies common 
to various instrumentation systems (see R&D Status Report No. 10) are surmized 
to be due to parasitics associated with the different component mounts, 
cables, and equipments of each system. Although discontinuities in the 
impedance curve at common measurement frequencies will affect the value 
of the components in a model, such discontinuities are not expected to prevent 
continuing progress in the development of modeling techniques. 
Subtask 2C: The measurement of the impedance of various components 
as a function of frequency is near completion. Components to be measured 
were selected on the basis of the samples received from manufacturers and 
the components identified in Table II of the Task 1 Test Plan. The number 
of each type of component measured to date is as follows: 
• 25 resistors, 
• 11 inductors, and 
• 28 capacitors 
For the majority of these components, the complex impedance (magnitude and 
phase) has been measured from 5 Hz to 1 GHz. This data is being used in 
support of the remaining subtasks. 
Subtasks 2D, 2E, and 2G: Because of the relationship between these 
modeling and analysis subtasks, they are being conducted concurrently. 
At this time, they have been initiated and are underway. 
Future Efforts 
During next month, it is anticipated that Subtask 2C will be completed, 
Subtasks 2D, 2E, and 2G will be continued, and Task 3 will be initiated. 
Problem Areas 
The major difficulties during this reporting period were associated 
with the differences in the values of impedance obtained with the various 
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H. W. Denny, Head 
Respectfully submitted, 
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<.lJ. A. ~y 
Project Director 
Electromagnetic Compatibility Branch 
Electronics Technology Laboratory 
Supporting Data 
Status Report No. 11 for the period 








Man-Hours Cumulative Total 
Expended of Expended 
This Period* Man-Hours** 
184 1330 
26 457.5 
*Estimated (precise accounting data not available as of report date). 
**Cumulative total plus estimate this period. 
Estimate of percentage of technical completion: 70% 
Projections for effort expenditure are being met. 
Georgia Institute of Technology 
ENGINEERING EXPERIMENT STATION 
ATLANTA, GEORGIA 30332 
Rome Air Development Center 
PKRZ 
Griffiss AFB, NY 13441 
Attn: Lt. M. Craig 
September 13, 1979 
I 
Subject: R&D Status Report No. 12, Project A-2226, Contract F30602-78-C-0230, 
"Parasitic Effects in Discrete Passive Components," covering the 
period from 11 August to 10 September 1979. 
Gentlemen: 
The object of this program is the development of modeling techniques 
which will predict the parasitic behavior of discrete passive components 
over the frequency range of 1 Hz to 1 GHz. To facilitate program manage-
ment, Georgia Tech has divided the contractually defined tasks into the 
following subtasks: 
Task 1: Development of modeling techniques using available data 
over the frequency range for which data exist. 
Task 2: 
Sub task lA: 
Subtask lB: 
Sub task lC: 
Sub task lD: 
Sub task lE: 
Sub task lF: 
Prepare component list 
(completed) 
Survey and classify available data 
(completed) 
Perform initial modeling and analysis 
(completed) 
Prepare Test Plan 1 
(completed) 
Perform analysis based on available data 
(completed) 
Give oral presentation of results 
(completed) 
Extension of modeling techniques to 1 GHz using data obtained 
from measurement techniques to be developed. 
Sub task 2A: Define additional data requirements 
(completed) 
Sub task 2B: Develop measurement techniques 
(completed) 
Sub task 2C: Measure data 
(completed) 
Sub task 2D: Perform initial modeling 
(undetway) 
Sub task 2E: Perform initial analysis 
(undetway) 
AN EQUAL EMPLOYMENTIEOUCATION OPPORTUNITY INSTITUTION 
Sub task 2F: Prepare Test Plan 2 
(completed) 
Sub task 2G: Perform final modeling and analysis based on 
available and measured data (underway) 
Sub task 2H: Give oral presentation of results 
Task 3: Preparation of Final Report 
Present Efforts 
During this reporting period, the project activities have been directed 
toward Subtasks 2C, 2D, 2E, and 2G. The status of these subtasks is as 
follows: 
Subtask 2C: The measurement of the impedance of various components 
as a function of frequency has been completed this month. The measured 
components were selected to be representative of those commonly used on 
printed circuit boards. Table II of the Task 1 Test Plan and the samples 
received from manufacturers were used as a basis for the selection process. 
The number of each type of component measured to date is as follows: 
• 22 resistors, 
• 14 inductors, and 
e 28 capacitors 
The complex impedance (magnitude and phase) has been measured from 5 Hz 
to 1 GHz for all of these components. In addition, from 500 kHz to 1 GHz 
insertion loss measurements were made on all these components plus 3 more 
resistors. This data is being used in support of the remaining subtasks. 
Subtasks 2D, 2E, and 2G: Because of the relationship between these 
modeling and analysis subtasks, they are being conducted concurrently. 
To date, the measured data has been categorized according to the various 
generic shapes as functions of frequency. Each of these generic shapes 
is currently being analyzed to determine the most appropriate modeling 
techniques. 
Program Review Meeting: On 23 and 24 August 1979, a project status 
review meeting was held at Georgia Tech. Attending this meeting were 
Mr. C. A. Paludi of RADC, Dr. J. J. Whalen of State University of New 
York at Buffalo, and Mr. B. M. Jenkins and Mr. J. A. Woody of Georgia 
Tech. The findings of Task 1 and the technical status of Task 2 were 
reviewed in detail; the measurement instrumentation and techniques were 
presented; and the plans for future subtasks were discussed. 
Future Efforts 
During next month, it is anticipated that Subtasks 2D, 2E, and 2G 
will be continued. Task 3 will be initiated. 
Problem Areas 
The major difficulty during this reporting period was associated 
with the analysis and categorization of the complex impedance data 
obtained with the reflectometer system for the 100 MHz to 1 GHz frequency 
range. It appears that this data is affected considerably by the parasitics 
of the measurement instrumentation and component mount. Initial analysis 
indicates that because of this difficulty some of the impedance data 
(especially between 500 MHz and 1 GHz) is inaccurate and, thus, unusable 
for modeling purposes. This problem area was discussed (and observed) 





jJ A. ~dy 
Project Director 
~~----------~--~v~~---------­H. W. Denny, Head 
Electromagnetic Compatibility Branch 
Electronics Technology Laboratory 
Supporting Data 
Contractual Man-Hours Cumulative Total 
Labor Man-Hours Expended of Expended 
Categories Proposed This Period* Man-Hours** 
Professional 2340 153 1483 
Engineers 
Clerical/Technical 400 140 597.5 
Assistants 
*Estimated (precise accounting data not available as of report date). 
**Cumulative total plus estimate this period. 
Estimate of percentage of technical completion: 85% 
Projections for effort expenditure are being met. 
TASK DATA ACCESSION LIST 
and 
TASK 2 DATA ACCESSION LIST 
for 
PARASITIC EFFECTS IN DISCRETE PASSIVE COMPONENTS 
Contract No. F30602-78-0230 
Georgia Tech No. A-2226 
May 1980 
The data and literature that were accrued during Tasks 1 and 2 
/ 
of this contract include materials that were obtained from the component 
manufacturers, obtained from RADC, available at Georgia Tech, and genera-
ted on the program. The manufacturers' catalogs and publications typi-
cally contain several types of data (graphs, tables, etc.) for various 
components. All of the materials obtained on both tasks are combined 
in the following list for both tasks: 
A. MANUFACTURERS' DATA AND LITERATURE 
1 • Airco Speer Electronics Grand Plaza 
o Chip Inductors 
o RF Inductors 
o Carbon Film Resistors 
o Metal Film Resistors 
945 Grand Ave. 
P. 0. Box 1692 
Nogales, AZ 85621 
o RF Inductors Shielded-Vertical 
Technical Publications 
Data 
o Coil Cross Reference Guide 
o Design and Purchasing Specification for Fixed Composition 
Resistors 
o "% Increase in Effective Inductance vs. Measurement 
Frequency" Graph 
o "Typical Inductance-Temperature Characteristics" for 
Iron coil form material and for 4 values of induc-
tance 
o "% Inductance Change with Temperature" Graph for Standard 





Allen-Bradley 1201 South 2nd Street 
Milwaukee, WI 53204 
Catalogs 
o Publication RO - January 1978 -- Electronic Components 
o Publication 6024 - June 1977 -- Electronic Components 
Technical Publications 
o Publication EC21 - August 1975 -- Type BB, CB, EB, GB, 
HB, GM, HM, Fixed Resistors (Hot-Molded) 
o Publication 5416 - May 1972 -- Type BE, Feed-Thru RFI/EMI 
Suppression Filter 
o Publication 5419 - October 1971 -- Type DA, Miniature 
Feed-Thru Capacitors 






Publication 5417 - May 1972 -- Type 
Low Pass Feed-Thru Filters 
Publication 5409 - January 1972 --
FB3B, FW5N, SB3A, SB4A, SS5D, 
Off Capacitors 
Publication 5414 - January 1972 --
Layer Feed-Thru Capacitors 
Publication 5415 - May 1972 Type 
Capacitors 
SF, Frequency 
Type FA5C, FB2B, 
Feed-Thru and Stand-
Type MT, MS, Multi-
MB, Ceramic Chip 
o Publication 5411 -May 1972 Type CL, Multi-Layer 
Feed-Thru Capacitors 
o Publication 5410 - March 1972 -- Type FCS-C, SMFB, SMFO, 
High Frequency Low Pass Feed-Thru Filters 
o Publication EC33 - May 1976 -- Type CC, Cermet Film 
Fixed Resistors 
American Technical Ceramics 1 Norden Lane 
Hunting Station, NY 11746 
Technical Publications/Catalogs 
o ATC UHF/Microwave Porcelain Chip Capacitors 
o No. ATC 1-022 C -- ATC 100 E High Current, High Voltage 
Procelain Capacitors 
o No. ATC 1-023 -- ATC 200 High Capacity Ceramic Capacitors 
o "The RF Capacitor Handbook," May 1976, circa 1976, ATC 
Aerovox Corporation 
Catalogs 
New Bedford, MA 02741 
o Product Specifier Electrical/Electronic Components 
Technical Publications 
o Energy Discharge Capacitors 
Bourns, Inc. 
Catalogs 
28151 Highway 74 
Romoland, CA 92380 
o Publication BP1 - July 1978 -- Microminiature Transformers 
and Inductors, Pulse Transformers and Delay Lines, 
Industrial Transformers and Inductors 
o Ferrite Core Inductors - March 1978 
o Publication PC-1 - 1979 Panel Controls 




o Publication GL-1 - 1978 -- Resistive and Inductive Compo-
nents 
Technical Publication 
o Publication BMP-2 - The Theory and Application of Trans-
formers and Inductors 
Caddell-Burns 
Catalogs 
40 East Second Street 
Mineola, NY 11501 
o Publication 178 - Miniature Chokes, High Current Chokes, 
Variable Inductors, Shielded Chokes 
o Technial Bulletin 78-1 -- Type 6317 PC Air Core Chokes 
Caddock Electronics, Inc. 
Catalog 
3127 Chicago Avenue 
Riverside, CA 92507 
o High Performance Film Resistors - Caddock Electronics 
General Catalog 
Technical Publication 
o The Caddock Report No. - Reliability Test Summary 
-- Graphics Summary of Results of Six Stability 
Verifications Tests 
Capar Components Corporation 303 Crossways Park Dr. 
Woodbury, NY 11797 
Catalog 
o Capacitors and Resistors 
9. Centralab Electronics Division - Globe Union, Inc. 
Cata 
5757 North Green Bay Avenue 
Milwaukee, Wisconsin 53201 
o Industrial Distributor Catalog Series No. 201, 1975 
-Switches, Potentiometers, Trimmer Resistors 
o Miniature Ceramic Capacitors, 1971 
10. Centre Engineering 2820 E. College Avenue 
State College, PA 16801 
Technical Publications 
o Single Layer Ceramic Capacitors 
o Multi-Layer Ceramic Capacitors 
o Glass Sealed Multi-Layer Ceramic Capacitors 
o Multi-Layer Ceramic Chip Capacitors 
o RF Ceramic Chip Capacitor 
o Miniature Feed-Thru, C Network, Solder Mount 
o EMI Filters 
o Test and Performance Specifications for Subminiature 
Single and Multi-Layer Conformal Coated Ceramic 
Capacitors 
o Test and Performance Specifications for Glass Sealed 
Capacitors 
o Technical Information - Ceramic Capacitors 
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11. Components Importers International, Ltd. 
1259A Rand Road 
Desplaines, IL 60016 
Technical Publications 
o Type CR-Aluminum Electrolytic Capacitors, Miniature, 
Single End -- 85 °C 
o Type CA - Aluminum Elec5rolytic Capacitors, Miniature~ 
Axial Leads -- 85 C 
o Type DT - Solid Tantalum Capacitors 
o Type TM - Metallized Polyester Film Capacitors, Tape-
Wrapped, Axial Leads 
o Type RN - Metal Film Resistors 
o Type CQ92M - Subminiature Polyester Capacitor 
o Type DM - Metallized Polyester Film Capacitors, Epoxy 
Coated, Radial Leads 
o Type Y - Deposited Carbon Film Fixed resistors 
12. Cornell-Dublier Electronics 150 Avenue "L" 
Newark, NJ 07101 
Catalog 
o Industrial Distributor Components, 1977 
Technical Publications 
o Class 201.13, December 1977, Subminiature Metal Cased 
Type NLW, Aluminum Electrolytic Capacitors 
o Class 201.17, March 1978, Low Impedance Miniature Type 
HNLH, Aluminum Electrolytic Capacitors 
o Class 201.24, April 1978, Low Impedance Computer Grade 
Type FAM, Aluminum Electrolytic Capacitors 
o Class 201.26, October 1976, Axial Leads Type WBR, Aluminum 
Electrolytic Capacitors 
o Class 201.38, October 1976, Computamite Computer Quality 
Type WHB, Aluminum Electrolytic Capacitors 
o Class 201.40, February 1977, Extended Temperature Range 
Type UPC, Single-Ended Aluminum Electrolytic Capaci-
tor 
o Class 201.47, October 1976, Computamite Computer Quali 
Types FAHM and FALM, Extended Capacitance Aluminum 
Electrolytic Capacitors 
o Class 201.63, September 1978, Extended Temperature Range 
Type UHH, Aluminum Electrolytic Capacitors 
o Class 201.65, August 1977, Extended Temperature Range 
Type UFH, Aluminum Electrolytic Capacitors 
o Class 201.66, July 1968, Extended Temperature Range 
Type UHT, Aluminum Electrolytic Capacitors 
o Class 201.68, April 1977, Low Inductance Types UFT and 
UFTA, Aluminum Electrolytic Capacitors 
o Class 201.77, March 1978, Low Inductance 4-Terminal 
Type WFT, High Voltage Aluminum Electrolytic Capaci-
tors 
o Class 201.78, January 1978, Low Impedence Type UPT, 
Single-Ended Aluminum Electrolytic Capacitors 
o Class 201.87, January 1974, Computamite Computer Quality 
Type FAH, Aluminum Electrolytic Capacitors 
4 
o Class 204.28, December 1976, Type DMT Polyester Film 
Dielectric, Dipped Capacitors 
o Class 209.75N, December 1977, Non-PCB SCR Capacitors 
13. Corning Glass Works Corning, NY 14830 
Data 
o Electronic Components 
o CBR-1 Tantalum Capacitors 
o "Frequency Characteristics at 1 MHz Measured on Boonton 
Model 250B Rx Meter" for various values of 11 types 
of resistors 
o Curves of R /Rd vs frequency for various values of 
8 t ac f c . t ypes o resls ors 
14. Cramer Coil Co., Inc. 1121 15th Avenue 
Grafton, WS 53024 
o Miniature R. F. Choke Coils, Pi Coils, Peaking Coils, 
Universal Wound Filament Chokes, Balun Coils, Printed 
Circuit Transformers 
15. CTS Corporation 905 West Boulevard 
Elkhart, IN 46514 
o No. 3755A, Cermet Resistor Network 
16. Dale Electronics, Inc. P. 0. Box 609 
Columbus, Nebraska 68601 
o Vol. 1, Rev. 3, July 1976, Full Line Catalog 
o Vol. 2, May 1978, Full Line Catalog 
Data 
o Inductance Data for Various Resistors, January 1963 
o Frequency Characteristics for Various Resistors 
17. Dearborn Electronic Division P. 0. Box 1076 
Longwood, FL 50 
Technical Publication 
o Bulletin 401, Deltafilm 'LS' Metalized Polystyrene Capaci-
tors, Type LS8 and LS9 
18. Delevan Division, American Precision Industries, Inc. 
270 Quaker Rd. 
East Aurora, NY 14052 
o Delvan Coils and Inductive Components, March 1977 
Data 
o Coils and Inductive Components 
o Q vs. Frequency and Inductance vs. Frequency Data 
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19. Electrocube 1710 South DelMar Avenue 
San Gabriel, CA 91776 
20. 
Technical Publication 
o Capacitors, Metallized Mylar 
Corporation 54 Clark Street 
Newark, NJ 07104 
o High Voltage Capacitors, Specialty Capacitors, RFI Fil-
ters, Screen Room Filters 
21. El-Menco, The Electro Motive Mfg. Co., Inc. 
Willimantic, CT 06226 
Technical Publications 
o Bulletin No. DM103, Dipped Mica Capacitors, 1972 
o Bulletin No. DM103 Supplement, Transmitting Dipped Mica 
Capacitors, 1972 
o RD400, January 7, 1972, Technical Information for Rolled 
Capacitors, Mylar, Mylar-Paper and Paper 
22. GC Electronics Division - Hydrometals, Inc. 
Rockford, IL 61101 




300 Baker Avenue 
Concord, MS 01742 
o JN978-377, GR2230 Component Test System 
o JN2071-277, Handler Interfaces for the GR2230 Component 
Test System 
o EID3, DAta Gathering and Data Reduction Derived from 
GR2230 Test 
o EID4, Diode Test with the GR2230 
o EID5, The GR 2230 as a measuring tool for use with sequenc-
ers, reel-to-reel and "board-stuffing" machines 
o EID6, Monitoring Parameter Trends in Network Manufacturing 
24. International Electronics Corporation 
Technical Publications 
Mellville, Long Island 
NY 11746 
o Miniature Aluminum Electrolytic Capacitor Highlights 
o Epoxy Dipped Solid Tantalum - DIT Series 
o Metalized Polyester Film Radial Lead - SM Series 
o Subminiature Polyester Film Capacitor - EM Series, Radial, 
AM Series, Axial 
o Polyester Film Radial Lead, FM Series 
o Polypropylene Radial Lead, PP Series 
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25. Johanson Manufacturing Corp. 400 Rockaway Valley Rd. 
Boontown, NJ 
Catalogs 
o No. 270 Variable Capacitors 
o No. 876 Variable Capacitors 
Technical Publications 
o Thin-Trim Capacitors for Hybrid Circuit Designers 
o Giga-Trim Capacitors for Microwave Designers 
o Microwave Tuning Screws 
o Variable Capacitor Prototyping Kits 
o Thin Trim Capacitors for Hybrids and Mic's 
o Microwave Capacitors 
o Ceramic Chip Capacitors 
Data 
o Thin Trim Capacitor, Data Sheet, July 1973 









Butler, PA 16001 
No. 3PP-3035, Molypermalloy Powder Cores 
Ferrite Cores 
Publications 
CG-01, A Critical Comparison of Ferrites with Other 
Magnetic Materials 
CG-2 Frequency, Temperature, Geometry, Stability of 
Magnetic Components 
Std IEEE 393-1977, Standard Test Procedures for Magnetic 
Cores 
27. Mallory Capacitor Company division- P. R. Mallory and Co., Inc. 
3029 E. Washington St. 
Indianapolis, IN 46206 
Catalog 
o General Catalog 
Technical Publications 
o Reprint from Electronic Engineers Master, 1977, Capacitor 
Selector Guide 
o Form 4-10-02, January 1975, Sonalert Electronic Audible 
Signals 
o Form 9-659A, August 1973, VTT Aluminum Electrolytic 
Capacitors 
o Form 9-642, September 1972, EPM Non-Inductive Mylar 
Capacitors 
o Form 9-645, September 1973, EWF Capacitors Mylar Wrap 
Epoxy End Filled 
o Form 4-101A, November 1976, FP and PFP Vertical Electroly-
tic Capacitors 
o Form 4-103A, September, 1973, TCW Aluminum Electrolytic 
Capacitors 
o Form 4-104, July 1971, TT Miniature Aluminum Electrolytic 
Capacitors 
o Form 4-105, July 1971, TTX Aluminum Electrolytic Capaci-
tors 
7 
o Form 9-665, January 1975, MTA Capacitors for Audio Fre-
quency Crossover Networks 
o Form 4-46C, June 1965, HC and NP Dry Electrolytic Capaci-
tors 
o Form 4-56A, June 1965, PG Electrolytic Capacitors 
o Form 4-303A, November 1976, CGS Aluminum Electrolytic 
Capacitors 
o Form 4-402, April 1972, Type AC-OIL Paper Dielectric 
Capacitors 
o Form 4-22E, October 1964, Type P Dry Electrolytic Capaci-
tor 
o 4-22E Supplement, January 1976, Type P Dry Electrolytic 
Capacitor 
o Form 4-84, August 1968, High Temperature Tantalum Capaci-
tors 
o MIL-C-3900-6/9D, April 1975, Military Specification 
Sheet 
o Form 4-38 G, January 1967, Subminiature Tantalum Capaci-
tors 
o Form 4-52 F, January 1967, Miniature Tantalum Capacitors 
o Form 4-57C, November 1965, High Temperature Subminiature 
Liquid Electrolyte Tantalum Capacitors 
o Form 4-71C, June 1966, Miniature Liquid Elecrtrolyte 
Tantalum Capacitors 
o Form 4-609, October 1975, Copper Miniature Sintered 
Tantalum Anode Capacitors 
o Form 4-610, November 1976, CTL Wet Slug Tantalum Capaci-
tors 
o Form MTP 4-606, November 1976, MTP Wet Slug Tantalum 
Capacitors 
o Form 4-807, December 1976, Type TAC Molded Solid Tantalum 
Capacitors 
o Form 4-805, September 1976, THF Type Solid Electrolyte 
Tantalum Capacitors 
o Form 4-85, September 1968, Solid Electrolyte Tantalum 
Capacitors 
o Form 4-801, April 1971, Solid Electrolyte Tantalum Capaci-
tors 
o Form 4-806, July 1972, Molded Solid Electrolyte Tantalum 
Capacitors 
o Form 4-810A, August 1972, Type TDC Solid Electrolyte 
Tantalum Capacitors 
o Form 4-814, March 1975, Type TDM Solid Electrolyte Tanta-
lum Capacitors 
o Form 4-79, November 1965, Type TL Hermetic Seal Liquid 
Electrolyte Tantalum Capacitors 
28. Mepco/Electra, Inc. 
Catalogs 
Columbia Rd. 
Morristown, NJ 07960 
o No. 3202, December 1972, Fixed Capacitors 
o Aluminum Electrolytic Capacitors 
o Film Capacitors 
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29. J. W. Miller Division, Bell Industries 
Catalog 
o General Catalog, 1979 
30. Monolithic Dielectrics, Inc. 
Technical Publications 
19070 Reyes Avenue 
P. 0. Box 5825 
Compton, CA 90224 
P. 0. Box 647 
Burbank, CA 91503 
o Bulletin No. 123, Monolithic Ceramic Chip Capacitors 
o Micro-Mini Fixed Capacitors 
31. Mucon, Republic Electronic Corp. 
Catalogs 
176 E. 7th St. 
Paterson, NJ 07524 
o Catalog H-1, 1972, Subminiature Ceramic Capacitors 
o Catalog M-1, 1976, Subminiature Ceramic Capacitors 
32. Nytronics Components Group, Inc. 
Catalog 
o Product Catalog, 1978/79 
33. Ohmite Manufacturing Co. 
Catalog 
Orange Street 
Darlington, SC 29532 
3601 Howard St. 
Skokie, IL 60076 
o No. 74/101, June 197~·, Axial Lead Wirewound Resistors 
Technical Publications 
o Type 995 Molded Axial Lead Enamled Resistors 
o "Little Rebel" Carbon Resistors 
o "Metal Devil" Metal Film Resistors 
o Type 270N Non-Inductive Vitreous Enameled Resistors 
34. R Ohm Corporation 
Technical Publications 
16931 Milliken AVenue 
Irvine, CA 92664 
o CRA Evaporated Metal Film Resistors 
o R-25 Deposited Carbon Film Fixed Resistor 
o CRL Evaporated Metal Film Resistors 
o R-50 Deposited Carbon Film Fixed Resistor 
o Flameproof Fixed, Deposited Carbon Film Resistors 
35. Sprague Electric Company North Adams, Mass. 01247 
Engineering Bulletins 
o There were over 175 separate bulletins on capacitors 
of such types as metal film, aluminum electrolytic, 
ceramic, and tantalum 
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36. Tansistor Electronics Bennington, VT 05201 
37. 
Technical Publications 










Product Specification for Puritan Wet Slug Tantalum 
Capacitors 
Product Specification for Foil Tantalum Capacitors 
Type DT Dipped Tantalum Capacitors 
Bulletin TES-2A, Tantalum Capacitors Type TES 
Puritan Tantalum Capacitor Type AT 
134G2 South 71 Highway 
Grandview, MO 64030 
No. R-76, 1976, General Catalog 
38. TRW UTC Transformers 150 Varick Street 
NY, NY 10013 
Catalog 
o No. 772, Transformers, Inductors, High Q Inductors, 
Electric Wave Filters 
39. TRW IRC Resistors 401 N. Broad Street 















No. 772, 1976, General Catalog 
No. 781, 1976, General Catalog 
Publications 
No. 770, 1977, Handbook: Metal Film Resistors- A Design 
Refresher on TRW's Metal Glaze Tehcnology 
AN-1, Burlington Application Notes, Designing with the 
AR Family of Ultra-Precision Metal Film Resistors 
AN-3, Burlington Application Notes, AR Network Modules 
AN-4, Burlington Application Notes, IRC New Products 
for Instruments 
AN-5, Burlington Application Notes, Ladder Networks 
AN-7, Burlington Application Notes, MAR Moisture Perform-
ance 
PBB-1000A, Thin Film Resistor Product Bulletin, MTR 
Series Precision, Tailored T. C., Metal Film Resis-
tors 
PBB-1001A, Thin Film Resistor Product Bulletin, AR40 
Precision, Low T. C., Metal Film Resistors 
PBB-1002B, Burlington Product Bulletin MAR Series Preci-
sion, Molded Low T. C., Metal Film Resistors 
PB-1004, 1971, Product Bulletin, CR Series High Temperature/ 
High Voltage resistors 
10 
40. VRN Division - Vernitron Corp. 2081 72nd St., N. 
P. 0. Box 44000 
St. Petersburg, FL 33743 
Technical Publication 
o No. 5/78/50M, Selection Guide to Industrial and Military 
Trimming and Precision Potentiometers 
B. WORKING PAPERS AND LABORATORY NOTES 
1 . Note book 1 
a. Reference Literature from Various Technical Publications 
b. Notes on Capacitors 
c. Notes on Inductors 
d. Notes on Resistors 
e. Notes on Capacitor Modeling 
f. Notes on Inductor Modeling 
g. Notes on Resistor Modeling 
h. Network Analysis Notes 
i. Summaries of Data Available from Manufacturers 
j. Lists of Components Selected for Modeling 
k. Test Plan No. 1 
1. Lists of Sample Components That Were Received From Manufac-
turers 
2. Notebook 2 
a. Modeling of Components on Task 1 
b. Analyses of Task 1 Capacitor Modeling 
c. Analyses of Task 1 Inductor Modeling 
d. Analyses of Task 1 Resistor Modeling 
e. Observations Resulting from Task 1 Analyses 
f. Task 1 Conclusions 
3. Notebook 3 
a. Measurement Technique Development Laboratory Notes 
b. Instrumentation Parasitics Investigation Notes 
4. Notebook 4 
a. Lists of Components to Be Measured 
b. Measurement Procedures 
c. Measurement Notes, Measured Data, and Measured Component 
for 5 Capacitors 
d. Measurement Notes, Measured Data, and Measured Component 
for 7 Inductors 
e. Measurement Notes, Measured Data, and Measured Component 
for 17 Resistors 
5. Notebook 5 
a. Measurement Notes, Measured Data, and Measured Component 
for 17 Capacitors 
1 1 
6. 
b. Measurement Notes, Measured Data, and Measured Component 
for 8 Resistors 
Notebook 6 
a. Measurement Notes, Measured Data, and Measured Component 
for 7 Capacitors 
b. Measurement Notes, Measured Data, and Measured Component 
for 7 Inductors 
c. Measurement Notes, Measured Data, and Measured Component 
for 3 Resistors 
7. Notebook 7 
a. List of Inductors Measured on Task 2 
b. Plots of Z vs f for Inductors Measured on Task 2 
c. Modeling and Analyses for Inductors on Task 2 
d. Plots of Z vs f for Capacitors Measured on Task 2 
e. Modeling and ANalyses for Capacitors on Task 2 
f. Plots of Z vs f for Resistors Measured on Task 2 
g. Modeling and Analyses for Resistors on Task 2 
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Passive components such as capacitors, inductors, and resistors are 
combined with active devices i.n electronic circuits to perform specific opera-
tions on the signals passing through the circuits. The nature of the effect 
that each component has on a time-varying waveform is well defined at low 
frequencies[1]. Furthermore, analytical techniques are generally available 
at all frequencies for calculating the circuit's output waveform (or spectrum), 
given the input waveform and an accurate mathematical model (i.e., equivalent 
circuit) of the constituent elements of the circuit. 
Where more than a few components are involved, the mathematical analy-
sis becomes complex and tedious when performed by hand. As a result, several 
computer-aided network analysis or simulation techniques have been developed. 
Typical of the resulting computer programs are CIRCUS, SCEPTRE, ECAP, SPICE 
and NCAP. These programs have made circuit analysis faster and simpler. 
As an example, NCAP, the acronym for Nonlinear Circuit Analysis Program, 
provides the EMC community with a usable procedure for analyzing electronic 
circuits operating in a multi-signal RFI environment [2], [3]. It uses a 
circuit-oriented procedure based upon frequency domain analysis for computing 
the nonlinear transfer functions and for predicting many nonlinear effects 
in electronic circuits. 
The validity of the results obtained with any of these computer analy-
sis programs is strongly dependent upon the accuracy with which the various 
circuit elements are modeled. If all the circuit elements are assumed to 
be ideal components, large errors can result [4]. All components and their 
leads exhibit parasitic, or stray, capacitances, inductances, and resistances. 
Such parasitics arise because conductors exhibit a certain amount of intrinsic 
inductance and .resistance, and wherever conductors are separated by a dielec-
tric a capacitor is formed. These unintentional, but unavoidable, properties 
associated with every type of component are ignored when the components are 
modeled as ideal components and, hence, errors result. For example, if a 
resistor has sufficient parasitic capacitance and inductance to make its 
impedance properties strongly frequency-dependent, calculations of circuit 
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behavior at frequencies where the reactive effects are significant will be 
in error unless these parasitic parameters are included in the model. 
Including the parasitic effects of passive components in models is partic-
ularly important in a program like NCAP that has a major function of computing 
the out-of-band performance properties (i.e., EMI characterisitics) of circu:lts. 
Therefore, in order to enhance the capabilities of NCAP and other similar 
computer-aided analysis programs, more accurate models including the parasit:Lcs 
of passive components must be available. 
1.2 Program Scope and Objective 
The scope of this program was the improvement of the capabilities for 
modeling of passive components for use in computer-aided analysis of electronic 
circuits. 
The objective of this effort was to develop modeling techniques which 
will generate models that predict the parasitic behavior of discrete passive 
components (capacitors, inductors, and resistors) over the frequency range 
of 1 Hz to 1 GHz. The modeling techniques are to generate models which include 
parasitic effects for use in computer-aided analysis of the out-of-band fre-
quency responses of electronic circuits constructed on printed circuit boards 
used in Air Force electronic equipments. 
1.3 Program Approach 
To accomplish the above objective, a 12-month analysis and measurement 
program was conducted. This technical program consisted of two basic tasks. 
To facilitate program management, these two contractually defined tasks were 
divided into the following subtasks: 
Task 1: Development of modeling techniques using manufacturers' avail-







Prepare a suggested component list 
Survey and classify the available data 
Perform initial modeling and analysis 
Prepare Test Plan 1 
Perform analysis based on available data 
Give oral presentation of results 
Task 2: Extension of modeling techniques to 1 GHz using data obtained 









Define additional data requirements 
Develop measurement techniques 
Measure data 
Perform initial modeling 
Perform initial analysis 
Prepare Test Plan 2 
Perform final modeling and analysis based on avail-
able and measured data 
Subtask 2H: Give oral presentation of results 
Thus, Task 1 emphasizes the collection and classification of the data avail-
able from manufacturers and the use of this data in developing models that 
include the parasitic effects of passive components. Since manufacturers' 
available data is limited primarily to the lower frequencies (typically <100 
MHz and in many cases <10 MHz) data was needed for the higher frequencies 
(up to 1 GHz). Therefore, Task 2 was directed toward gathering this data 
through laboratory measurements of representative components and then using 
this measured data in developing models. 
1.4 Report Organization 
The material which follows in this report is divided into five major 
sections. Section 2 presents the identified modeling approaches. Section 3 
describes the modeling and analysis performed on Task 1 using manufacturers' 
available data. Section 4 presents the measurement techniques employed on 
Task 2 and describes the modeling and analysis performed based on the measured 
data. The recommended modeling procedures defined as a result of the efforts 
on Task 1 and 2 are summarized in Section 5. The conclusions drawn from 
the program are given in Section 6. 
Six appendices are included in the report. Appendix A discusses the 
collection and classification of the data available from manufacturers and 
summarizes this data. The components selected for use on Task 1 and the 
applicability of the selected modeling approaches to the available data are 
given in Appendix B. Appendix C describes the measurement techniques used 
on Task 2 and representative samples of the measured data are given in Appen-
dix D. Appendix E describes and gives an initial analysis of some of the 
measurement problems encountered. The modeling and analysis of the exceptions 
to the generic curves for the measured data are summarized in Appendix F. 
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2.0 MODELING TECHNIQUES 
2.1 Introduction 
Three candidate modeling approaches were identified during this program. 
They are: 
1. Direct Calculation 
2. Engineering Approximation 
3. Analytical Approximation 
Each of these three basic approaches may be used for developing models of 
the parasitic behavior of passive components. 
A number of specific modeling techniques can be obtained as variations 
of the methods of each basic approach. For example, once a modeling tech-
nique based on one of the above approaches has been developed, it may be 
possible to develop a second, more appropriate, technique by making assump-
tions on the resulting model to make it more accurate or less complex. 
Generally, as the accuracy requirement for the model increases, the complex-
ity of the resulting model configuration increases. Thus the selection of 
the most appropriate modeling technique for a given set of data involves 
a trade-off between accuracy and model complexity. 
2.2 Direct Calculation Approach 
The direct calculation modeling approach is the simplest approach 
for generating a model of a passive component. It requires a minimum amount 
of parametric data and yields the most straightforward model. 
This approach must initially assume an appropriate equivalent circuit 
for the component to be modeled. This equivalent circuit reflects the 
known {or surmised) physical and electrical attributes of the component. 
For example, the equivalent circuit commonly suggested as representing 
a capacitor is shown in Figure 1{a). In addition to the cardinal value* 
• "Cardinal value" is defined in this report to be that value of the component. 












(b) Simple model circuit configuration for inductors. 
c 
If....,._-.. 
............ 'lliW'----'V\1\r,..l __ 
L R 
(c) Simple model circuit configuration for resistors. 
Figure 1. Assumed Model Circuit Configurations Used in 
Direct Calculation Modeling Approach. 
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of capacitance (C), the model includes a series inductance (L) which repre-
sents the lead inductance and other intrinsic inductance between the device 
terminals and the effective capacitance element. Also, included in this 
model are two resistors. The parallel resistor (R ) provides a de leakage p 
path around the capacitor element while the series resistor (R ) represents 
s 
the dielectric losses and determines the dissipation factor (DF) of the capa-
citor. 
The commonly accepted model, or equivalent circuit, of an inductor is 
shown in Figure 1(b). It includes a resistor (R) in series with the cardinal 
value of the inductance (L) and a capacitor (C) in parallel with the RL series 
circuit. The resistor represents the losses in the winding and core of the 
inductor which determine the de resistance as well as the quality factor (QF) 
of the inductor. The C in the model represents the stray or distributed 
capacitance between the windings and leads of the inductor and determines 
the parallel resonance frequencies. 
The assumed model of a resistor is identical to that of the inductor 
in arrangement of the elements (see Figure 1(c)). The differences are in 
the values of the ideal elements in the model and in their physical bases. 
The R is the cardinal resistance; the L represents the lead and intrinsic. 
inductance of the resistance element; and the C is again the stray capacitance 
between the various parts of the resistance element. 
The application of the direct calculation approach involves the following 
four basic steps: 
1. Assume one of the circuit configurations given in Figure 1 based 
on the type of component being modeled; 
2. Assume that the cardinal value of the component is one element 
of the model; 
3. Calculate the values of the other elements in the model from known 
component parameters (such as quality factor, dissipation factor, 
de resistance, resonance frequency, etc.}; and then 
4. Eliminate all elements from the model for which there is insuffi-
cient available data to determine their values. 
The advantages of the direct calculation approach are that: 
o It is simple to apply. 
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o It yields simple models. 
o It requires only limited data. 
o It is the only applicable approach when only limited component data 
is available. 
The disadvantages of this approach include: 
o The configuration of the model circuit must be assumed. 
o The accuracy of the resulting model is in general poor at frequen-
cies other than those for which data was used in determining the 
values of the elements. 
o The model is generally inaccurate at higher frequencies since data 
is usually not available. 
This approach was used primarily on Task 1 with data available from 
manufacturers, i.e., when insufficient data was available to permit the use 
of the engineering approximation approach. 
2.3 Engineering Approximation Approach 
The engineering approximation approach is of moderate complexity. It 
is based on the application of good engineering judgement in deciding the 
type of ideal components and their interconnections that can produce the 
given behavior of a component characteristic as a function of frequency such 
as the magnitude of the impedance (jzj ). This approach requires that a char-
acteristic curve for a component, e.g., jzj vs f, be given. The complexity 
of the model resulting from the engineering approximation approach can vary 
from a simple three-element model to a complex multi-element model, depending 
on the complexity of the given curve and the detail with which it is analyzed. 
The application of this approach involves the following four basic steps: 
1. Assume that the behavior of a portion of the given curve (that 
part below the first resonant frequency) is produced by an ideal 
component of the same type as the component being modeled. For 
example, on a log-log plot of jzj versus frequency, ideal components 
have the following characteristics: 
o A resistor has a constant non-zero value of jzj; 
o The value of IZI for an inductor increases at 6 dB/octave; 
o The value of Z for a capacitor decreases at 6 dB/octave. 
2. Determine the de resistance of the component from given data. 
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3. Use engineering approximations and best judgement to determine 
the types of ideal components, and the configuration in which they 
should be interconnected, to produce the behavior of the given 
curve at the higher frequencies. This analysis of the higher fre-
quency behavior of the given curve is based on engineering rules-
of-thumb, guidelines, and rigorous analytical procedures such as 
the following: 
o The value of lz J for an inductor (capacitor) increases (decreases) 
at 6 dB/octave. 
o Relative maximums and minimums, i.e., changes in the sign of 
the slope, of·the curve indicate parallel and series resonances, 
respectively. 
o The location of a maximum or minimum determines a resonance fre-
quency (fR). 
o With one reactive element known at a resonance frequency, 
fR = 1/Znv'LC can be used to calculate the other reactive element. 
o The value of the lzl curve at a series resonance (i.e., a minimum) 
can be used as the ideal series resistor associated with the 
reactive elements producing the resonance. 
o The 3 dB bandwidth of a peak or null determines the quality factor 
(Q) at that resonance and, hence, the associated resistance. 
o The shape of the curve, i.e., its slope and breakpoint frequencies, 
indicate the pole-zero locations and, thus, the interconnection 
of specific ideal components. 
4. Define the overall circuit configuration and all the elements in 
the component model based on the analysis of the given curve and 
any· other given data. 
The advantages of engineering approximation are: 
o Generally, it is simpler to apply than the analytical approxima-
tion approach. 
o With experience, specific elements or groups of elements can 
be quickly related to the various shapes of the given curve. 
o The resulting model is more accurate over a wider range of frequen--
cies than a model obtained using the direct calculation approach. 
o In many situations, the resulting model is expected to be as 
accurate as the model obtained using analytical approximation. 
o In other situations, the resulting model may be adequate depending 
on the accuracy required and the location of the component in 
the overall circuit. 
o The complexity of the resulting model depends on the detail to 
which the given curve is analyzed; therefore, within the limits 
of the given data, the resulting model can be made as complex 
or accurate as desired. 
The disadvantages of this approach include: 
o It requires that a curve of some component function, such as 
lzl, be given versus frequency. 
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o It requires knowledge based on experience of how the various 
shapes of the given curve can be produced by different types 
of ideal passive components and their interconnections. 
o Generally, this approach requires more time to apply than direct 
calculations. 
o The accuracy of the resulting model depends on the engineering 
approximations and judgement used in analyzing the given curve 
as well as on the complexity of the resulting model, i.e., the 
accuracy is a function of the detail with which the given curve 
is analyzed. 
This approach was used with both available (Task 1) and measured (Task 
2) data. In general, the data available from manufacturers is inappropriate 
for using this technique whereas the type data measured on Task 2 was specif-
ically chosen for use with this approach. 
2.4 Analytical Approximation 
The analytical approximation approach is a complex approach. It is 
similar to engineering approximation except that it is more analytically 
rigorous. This approach is based on the application of well defined analyt-
ical procedures and principles [5]. This approach also requires that a curve 
of some component function, such as IFI where F = A+ jB, be given as a func-
tion of frequency. In a manner similar to that for the previous approach, the 
complexity of the model resulting from analytical approximation can also vary 
from a simple three-element model to a complex multi-element model depending 
on the complexities of the given curve. However, unlike the previous approach, 
the degree to which the given curve is analyzed and, thus, the complexity 
of the resulting model is predetermined by the specific analytical procedures 
used. 
The application of this approach involves the following three basic 
steps: 
1. Determine an algebraic expression for the given curve of IFl, Arg 
F, A, orB, where F = A+ jB represents a complex function describing 
the component, such as impedance (Z = R + jX). This algebraic 
expression is determined by using a classical approximation method 
such as the following: 
o Cut-and-try 





o Semi-infinite slope 
o Equiripple 
2. Determine the complete algebraic expression for the total complex 
function F = A + jB by using one of the following: 
o One of the above classical methods on a given curve of another 
part of the function such as Arg F. 
o One of the methods for determining F if IFI, Arg F, A, orB is 
given. These methods yield the unknown part of the function 
within an arbitrary limit. 
3. Apply a realization method to the resulting algebraic expression 





o Partial Fraction Expansion 
o Continued Fraction Expansion 
o Brune 
o Bott and Duffin 
o Darlington 
The advantages of the analytical approximation approach include the 
following: 
o It is more analytically rigorous and, therefore, is expected to 
give more accurate results than either of the other two approaches. 
o The circuit configuration for the resulting model does not have 
to be assumed or be based on engineering judgement. 
o The complexity and accuracy of the resulting model depends on 
the degree of detail used in approximating the given curve. 
o This approach does not require before-hand knowledge of how dif-
ferent types of model elements and their interconnections will 
affect the behavior of a component function, such as IZI versus 
frequency. 
The disadvantages of this approach include the following: 
o It requires that a curve of some component function such as lzl 
be given versus frequency. 
o This approach is the most complicated of the three modeling ap-
proaches. 
o It is difficult and tedious to apply. 
o It requires a thorough understanding of each classical approxi-
mation method and ea9h realization method. 
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o It also requires a working knowledge of the conditions under 
which each approximation and realization method is, and is not, 
applicable. 
This modeling approach was not needed for use on this program. Because 
of its complexity and time-consuming nature, the analytical modeling approach 
was not considered cost-effective; however, in the future the applicability 
and appropriateness of this approach should be reviewed. 
Thus, three basic approaches for modeling the parasitic behavior of 
passive components are available. In the following Sections, the first two 
of these approaches are used to illustrate specific modeling techniques with 
both manufacturers' and measured data. 
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3.0 MODELING AND ANALYSIS USING AVAILABLE DATA (TASK 1) 
3.1 Introduction 
Task 1 involved the use of manufacturers' data to develop modeling tech--
niques which would generate models of passive components including their 
parasitics. Therefore, the first steps on this task were the collection 
and categorization (or classification) of the available data as discussed 
in Appendix A. This appendix also presents by category, or type of component, 
a tabulated summary of the types of data available. In general, appropriate 
data as a function of frequency is provided over a limited frequency range 
for only a few types of capacitors and resistors. On the other hand, practi-· 
cally none is available for inductors as a function of frequency. Furthermore, 
when data is available the majority of it is labeled as "typical" for a specific 
type component. Therefore, the major drawbacks of the manufacturers' available 
data on most passive components are the lack of data as a function of frequency 
and the limited frequency range when such data is available. 
The specific components selected for use on Task 1 are identified in 
Appendix B (see also Reference 6). The initial modeling effort on this task 
was for the purpose of determining whether the data available from manufacturers 
was sufficient to support the direct calculation and engineering approximation 
approaches. This effort showed (see Appendix B) that the direct calculation 
approach can be applied, at least partially, to roughly 90 percent of the 
components examined. Because of the nature of much of the available data, 
however, the enginee'ring approximation approach could be used for only some 
40 percent of these components. 
The final effort on Task 1 was the detailed modeling of selected examples 
of the components listed in Table B-1. The modeling techniques were analyzed 
by comparing the impedance versus frequency behavior of the resulting models 
with the data provided by the manufacturers. (The degree to which the model 
behavior matches the published data is defined as the accuracy of the model.) 
Illustrations of the steps involved in the use of selected variations of 
the direct calculation and engineering approximation approaches and examples 
of the means for analyzing the results obtained are presented in the following 
paragraphs. 
12 
• 3.2 Modeling and Analysis of Component A1 
Component A1 is a 0.1 ~F (35V) Corning MD solid tantalum capacitor (the 
manufacturer's catalog number is MD2-035-104-20). The data given by the 
manufacturer includes a curve of the magnitude of impedance as a function 
of frequency CIZI vs f), the maximum dissipation factor at 120Hz (DF max 
@ 120Hz), and the maximum de leakage current (DCL ) as follows: max 
lzl vs f (100Hz to 100 MHz) 
DF = 8% @ 120 Hz max 
DCL = 1 ~A max 
This data is shown in Figure 2. (The impedance curve is identified as MD2-104 
and the other data is tabulated with the catalog, or part, number.) 
* 3.2.1 Application of Technique #1A 
The first modeling technique to be illustrated is an application of the 
direct calculation approach. It is usable where the resonance frequency (fR) 
can be determined from the lzl vs f curve. 
3.2.1.1 Modeling Procedure 
* 
Step 1 - Assume the model of a capacitor is as shown in Figure 1(a). 
Step 2- Assume Cis the cardinal value of the capacitor, i.e., 
C:0.1~F 




Rp min = DCLmax 
35 v 
= 1 llA 
= 35 MQ 
(1) 
The component under consideration is identified by its "ID II" as given in 
Table B-1. Also, the modeling technique is identified by a number and a 
letter. The number, either 1 or 2, identifies the modeling approach to be 
direct calculation or engineering approximation, respectively. The letter 
identifies the specific variation of the approach that is being used, i.e., 
the specific modeling technique. 
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Solid Tantalum Capacitors 
IMNDANCE YS. FREOUENCY 
1103 Pll:--+-1~~ ..... 
i 103 t----~1----'N--1-f' 
i 10 1----+:-l~!l!oo.,I.~F=t!"' 
O.~OO.._....L..IL-...L1...10K-..l.100...1-K-1..1.L.M-J-10M.L.-...11UOOM 
FREQUENCY • HERTZ 
IMPEDANCE YS. FfiiEQUENCY 
PART NUMBERS AND ORDERING INFORMATION 
IMPEDANCE VS. FREQUENCY 
1103~~..:c::..::...,__. 
g 103 ~od-1f-3tl.d-l-++---+ 
1 10 f---H~-H~++-4---i+--:.11~ 
I 
1K 10K 100K 1M 10M 100M 
FREQUENCY • HlfiTZ 
MIX Mu: MIX Max Mu: Mu: 
Ylllue C... D.F. DCL Y81ue c... D.F. DCL V•lue C... D.F. DCL 
{Mtd) '-tNumbet Size ~) (II•) .(Mid) PMNum ... Size nf,) (II•) (Mid) PM Number Size nf,) (II•) 
ZVolta I Voila 20 Volta 
2.2 MD2-oo2-225-20 MD2 10 1.0 .88 MD2-oo6-884-20 MD2 8 1.0 .15 M 02.020..154-20 MD2 8 1.0 
4.7 MD3-002-475-20 MD3 10 1.0 1.5 MD3-D06-155-20 MD3 8 1.0 .22 MD2-D2D-224-20 MD2 8 1.0 
10.0 MD4-002-1 06-20 MD4 10 1.0 3.3 MD4-006-335-20 MD4 8 1.0 .33 MD3-D2D-334-20 MD3 8 1.0 
22.0 MDs-002-226-20 MD5 10 1.0 8.8 MD5-008-685-20 MD5 8 1.0 .47 MD3-D20-474-20 MOO 8 1.0 
88.0 MD6-002-68&-20 MD6 15 1.5 22.0 MD6-006-226-20 MD8 8 1.5 .88 MD4-02~20 MD4 8 1.0 1.0 MD4-02D-105-20 MD4 8 1.0 
3Yoll 10Yoltll 
1.5 MD5-02D-155-20 MD5 8 1.0 
2.2 MD5-02D-225-20 MD5 8 1.0 
1.5 MD2-oo3-155-20 MD2 10 1.0 .47 MD2-D10-474-20 MD2 8 1.0 
6.8 MD6-020-685-20 MD8 8 1.5 
3.3 MD3-oo3-335-20 MOO 10 1.0 1.0 MD3-D1D-105-20 MOO 8 1.0 35Voll 
6.8 MD4-003-685-20 MD4 10 1.0 2.2 MD4-01D-225-20 MD4 8 1.0 
15.0 MDs-003-156-20 MD5 10 1.0 4.7 MD5-010-475-20 MD5 8 1.0 ,.10 MD2-D35-104-20 MD2 8 1-~~ 
47.0 MD8-()()3-476-20 MD8 10 1.5 15.0 MD6-01D-156-20 MD8 8 1.:.- .15 MD3-D35-154-20 MD3 8 1.0 .22 MD3-D35-224-20 MD3 8 1.0 
4Voll 15Yolta .33 MD4-035-334-20 M04 8 1.0 .47 M04-035-474-20 M04 8 1.0 
1.0 MD2-oo4-105-20 MD2 8 1.0 .33 MD2-D15-334-20 MD2 8 1.0 
.88 MD5-035-684-20 MD5 8 1.0 
1.0 M05-035-1 05-20 MD5 8 1.0 
2.2 MD3-oo4-225-20 MD3 8 1.0 .68 MD3-D15-684-20 MOO 8 1.0 1.5 M05-035-155-20 MD5 8 1.0 
4.7 MD4-004-475-20 MD4 8 1.0 1.5 MD4-015-155-20 MD4 8 1.0 2.2 MD6-035-225-20 MD8 8 1.0 
10.0 MD5-004-1 06-20 MD5 10 1.0 3.3 MD5-015-335-20 MD5 8 1.0 3.3 MD6-035-335-20 MD6 8 1.0 
33.0 MD6-004-336-20 MD8 10 1.5 10.0 MD6-015-1 06-20 MD8 8 1.5 4.7 MDe-035-475-20 MD6 8 1.5 
Capacitance Code WVDC/Polarlty Dot 
MARKING - capacitance value in pF Is shown by means of 
standard EIA color code rings. Polarity and rated voltage is in-











Note: With pert oriented aa shown, 
positive lead • on the right. 
Brown 1 White 
Red 2 Purple 
Orange 3 1.000 Yellow 
Yellow .. 10,000 Black 
Gr-n 5 100,000 Green 
Blue 8 1,000,000 Blue 
Violet 7 Pink 
Gray 8 
White Iii 
PART NUMBER EXPLANATION 
MD 2 - 035 - 104 
ITT T 
Minidlp Cue Rated capacitance 




digit Ia the 














Reprinted Courtesy of Corning Glass Works 
45 
Figure 2. Data Sheet for Component Al (0.1 uF). 
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" 
Step 4- Calculate the maximum value of R (at 120Hz): 
s 
or 








2n(l20)(0.l x 10-6) 
1.06 kn @ 120 Hz 
Step 5- Calculate L from the resonant frequency (fR): 
(2) 
(3) 
Assume fR is the frequency at which the !Z! vs f curve (see the MD2-104 










6 2 -6 (2n(5 X 10 )] (0.1 X 10 ) 
10.1 nH 
-9 10.1 X 10 






3.2.1.2 Analysis of Technique #1A 
The impedance of the model in Step 6 above is given by 
R (R - jXC) 
z = R P + ~ - ·x + j~ 1 p s J c 
Rs - jXC 
= + J·x_ 
R - ·x • -~ s J c 
1 + R 
p 
If R >> R and R >> X , then R can be neglected or p s p c p 
z1 ~ z2 = Rs - jXC + jXL 
= Rs + j(XL - XC) 
(5) 
The values of both 1z1 I and jz2 1 were calculated as a function of frequency. 
These two calculated impedances are compared in Table 1 and Figure 3 with 
the manufacturer's curve, i.e., IZ fl' given in Figure 2. At all frequen-manu 
cies, the differences in impedance arising from neglecting R is negligible; 
p 
therefore, the model can be made less complex by omitting R . 
p 
Table 1 and Figure 3 indicate that the model for Component A1 resulting 
from Modeling Technique #1A is unfortunately not very accurate. This disagr,ee-
ment between the calculated IZI and IZmanufl results from assuming that 
R = a constant = R @ 120 Hz s s max 
This value of R is 1.06 kQ which means that lzl of the series resonance s 
model (see the circuit in Step 6 above) can never be less than 1.06 kQ; how-
ever, lz fl . is 10 Q. Therefore, using DF @ 120Hz with the direct manu m1n max 
calculation approach gives an inaccurate model. This same inaccuracy can be 
expected to occur when using this approach to model other capacitors unless 
the R calculated from DF @ 120 Hz is less than !z fl . . (It should s max manu m1n 
be noted that it can not be determined if this condition has been met unless 
a IZI vs f curve is available.) 
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TABLE 1 
MAGNITUDE OF IMPEDANCE OF MODEL RESULTING 
FROM TECHNIQUE #lA FOR COMPONENT Al 
Freguency lz1l 
(Hz) 
1 X 102 
1 X 103 
1 X 104 
1 X 105 
1 X 106 
1 X 107 
1 X 108 
(Q) 
:::! 17 k 16 k 
1.4 k 1.91 k 
170 1.07 k 
34 1.06 k 
13 1.06 k 
10 1.06 k 
25 1.06 k 
IMPEDANCE VS. FREQUENCY 









100 1K 10K 100K 1M 10M 100M 










Figure 3. CalculatediZI of Model Resulting from Technique #lA 
for Component Al Plotted on the Manufacturer's Curve. 
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3.2.2 Application of Technique #2A 
Based on the analysis of the use of the direct calculation approach 
for modeling Component A1 and on the fact that a lzl vs f curve (MD2-104 
in Figure 1) is available from the manufacturer, it was decided that the 
engineering approximation approach would probably be more appropriate for 
this capacitor. The first variation of the engineering approximation approach 
used is 112A. 
3.2.2.1 Modeling Procedure 
Step 1 - Since the component is a capacitor, assume that one of the 
elements in the model is an ideal capacitor equal to the cardinal 
value, i.e., C = 0.1 ~F. Then at the lower frequencies (100Hz to 
10kHz), the MD2-104 curve in Figure 4 (reproduced from Figure 2) 
can be assumed to be produced by this ideal capacitor that has an 
impedance at 10 kHz of 
1 1 
Z = XC = w C = 2TI f C (6) 
1 
= -----------------------
2n(l0 X 103)(0.1 X 10-6) 
= 159ft 
Thus, the X = 1/wC asymptote to the curve can be obtained by drawing c 
a straight line through the point Z(10 kHz) = 159 Q with a slope of 
-6 dB/octave (-20 dB/decade). This is line "A" in Figure 4. 
Step 2 - Calculate the minimum de resistance: 
vrated 
Rdc min = DCL 
max 
= _3..;;..;5;..._..V __ 
1 X 10-6 A 
= 35 MQ 
(7) 
This de resistance must form a parallel path around the ideal capacitt'r 
for current flow at low frequencies. Therefore, it is labeled as 
R . and is in parallel with C: 
p m1n 







~ f 10 
! 
0.1 
IMPEDANCE VS. FREQUENCY 
I 
~ 
~ - ---~ ~02-104 
' '" 1"'-. ~ :t;. "'I .. 
~ 
!-"~~....... ~ 
...._ "R" ~ .... .,.. ...... 
~ .... I"- ·-~ ..... ~ 
I I "'- r--~ ;;.,'tJIII""'"""" 
r- MD4-1o6 






100 1K 10K 100K 1M 10M 100M 
FREQUENCY • HERTZ 
Figure 4. Low Frequency Asymptote (!'A") and Straight Line 
Approximation of the Resistance ("R") for Component Al. 
Step 3 - The MD2-104 curve in Figure 4 has the general shape of a series 
resonance circuit (see Sec. 4.0). Therefore, the parallel combination 
of C and R . must have an inductor (L) in series with it. The p m1n 
value of L can be determined as follows: 
o Assume that the resonance frequency (fR) is the frequency at 
which the lzl vs f curve is a minimum. Then, 
fR = 5 MHz 
o Calculate L from 
or 
f = __ 1 __ 
R 21TILC 
1 L = --------=--~;....._ ____ = 
[21T(5 X 106)] 2(0.1 X 10-6) 
= 10.1 nH 
-8 1.01 X 10 
Step 4 - Since the impedance curve does not go to zero at fR' there 
must be a a resistor in series with the series resonance circuit. 
This series resistance (R ) can be calculated at three specific frequen-
s 
cies as follows: 
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o At f = fR = 5 MHz, 
Rs = \Zmanuf\min = 10 ~ 
o At f = 120 Hz, DF = 8% and max 
R = 
DF max 
wC s max 
0.08 = --------~------~ 
2n(l20)(0.1 x l0-6) 
= 1.06 kn 
o At f = f
3 
dB' the )z\ vs f curve and the Xc = 1/wC asymptote 
(line "A" in Figure 4) differ by 3 dB, i.e., X = 0.707\Z]. c 
At this frequency, 
R = X s c 
From Figure 4, this point occurs at 





s we 2nfC 
1 
= 3 -6 2n(48 X 10 )(0.1 X 10 ) 
= 33.2 n 
These three points, R (5 MHz) = 10 n,R (48kHz)= 33.2 ~, and s s 
R (120Hz) = 1.06 k~ are plotted in Figure 4. Note that the three s max 
do not fall in a straight line on this log-log graph. However, to 
compute the value of the series resistance of the capacitor, initially 
assume that the curve for R is a straight line through the two lower 
s 
resistance values (see dotted line "R"). (Projection of this line 
to the left of the graph indicates a resistance at 120 Hz less than 
that corresponding to the dissipation factor (DF) stated by the manu-
facturer. Since the published DF is specified as the highest value 
to be exhibited by this class of capacitors, the actual value of a 
particular one should be expected to be less.) The equation for this 
straight line on log-log paper is 
20 
log R = m log f + k 
s 
(8) 
where log = log
10
, m is the slope of the line, and k is a constant. 
The values of m and k can be determined from the two points as follows: 
log R81 - log R82 
Since, 
m= log £1 - log £2 
= log(lO) - log(33.2) 
log(5 X 106) - log(48 X 103) 
= -0.258 
log R1 = m log £1 + k 
then, at £1 = 5 MHz, 
Thus, 
or 
k = log R1 - m log £1 
= log(lO) - (-0.258) log(5 x 106) 
= 2.73 
log R = m log f + k s 
m 
= log f + k 






Step 5 - Draw the circuit for the resulting model: 
35 MQ 
-----..rl = I I 
537 
fo. 258 n O.l pF 10.1 nH 
21 
(9) 
3.2.2.2 Analysis of Technique #2A 
First, it should be noted that for Capacitor A1 the model resulting 
from Technique #2A has the same configuration as the model resulting from 
the use of the direct calculation approach (Technique #1A). In fact, with 
the exception of the series resistance all the elements in the two models 
have the same values. It was shown earlier that R is large enough to be p 
neglected; however, for confirmation, it was included in the calculations 
of lz 1 I and lz2 [. These two calculated impedances are compared with manufac-· 
turer's data in Table 2 and Figure 5. As expected, the difference between 
lz 1 I and lz2 ] was again negligible; therefore, the model can be made less 
complex by omitting R . p 
At frequencies less than fR' the model is fairly accurate, i.e., the 
difference between lz2 1 (the impedance calculated from the model) and lz f'l manu 
is <25%. In fact, at frequencies below 100 kHz the differences in are <20%. 
However, at frequencies above fR' the calculated curves appear to diverge and 
large differences result. Since this part of the manufacturer's curve has a 
positive slope, i.e., is inductive, lz2 1 was calculated at two additional 
frequencies as shown in Table 2. These two frequencies are higher than the 
manufacturer's curve extends but they show that the calculated lz2 1 curve 
does begin to increase at higher frequencies. In other words, the minimum 
on the calculated !zl vs f curve is at a higher frequency than on the manufac~­
turer's lzl vs f curve. It is, therefore, concluded that using this specifie 
variation of the engineering approximation approach (Modeling Technique #2A) 
yields a model whose resonance frequency is too high. 
3.2.3 Application of Technique #2B 
To more accurately describe the resonance frequency behavior of Compo-· 
nent A1, a further refinement was made using a second variation of the engi-
neering approximation approach. It is the same as Technique #2A except that 
fR is determined by drawing an asymptote to the published lzl vs f curve 
on each side of the minimum and then selecting the intersection of these 
two asymptotes as fR. 
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TABLE 2 
MAGNITUDE OF IMPEDANCE OF MODEL RESULTING 
FROM TECHNIQUE #2A FOR COMPONENT A1 
Frequency 
(Hz) 
1 X 102 
5 X 102 
1 X 103 
5 X 10
3 
.1 X 104 
5 X 104 
1 X 105 
5 X 105 
1 X 106 
5 X 106 
1 X 107 
5 X 107 
1 X 108 
5 X 108 




















1[ * £ 
(¥l) (%) 
15.9 k -6.5 
3.18 k +6.0 

















0.1 ...._ .......... _..........,. __ -"-.L._I.....L....----l...J,._----l.....l 
100 1 K 10K lOOK 1M 10M 100M 
FREQUENCY - HERTZ 
Figure 5. Calculatedlzl of Model Resulting from Technique #2A for 
Component Al Plotted on Manufacturer's Curve. 
3.2.3.1 Modeling Procedure 
• 
Steps 1 and 2 - Same as Steps 1 and 2 of Technique #2A. 
Step 3 - Since the impedance curve is increasing with increasing frequency 
above approximately 5 MHz, it is assumed that the component is inducti.ve 
at these frequencies. Thus, the asymptote to the curve at these fre-
quencies will represent XL = wL and will have a slope of +6 dB/octave 
* (+20 dB/decade) . In order to determine the location of this asymptote, 
it is necessary to extrapolate the MD2-104 curve to frequencies above 
100 MHz as shown in Figure 6. The high frequency asymptote is then 
drawn, as line "B" in Figure 6, tangent to the extrapolated curve 
and with a slope of +20 dB/decade. The resonance frequency is then 
assumed to be the frequency at which the low frequency ("A") and the 
high frequency ("B") asymptotes cross. Thus, from Figure 6, 
fR = 2.6 MHz 
Then calculate L from 
L = 1 
(2nf) 2c 
1 
(2n(2.6 X 106)) 2 (0.1 X 10-6) 
37.5 nH 
For a detailed discussion of the construction and interpretation of these 
asymptotes, see Section 4.0. 
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IMPEDANCE VI. FREQUENCY 
1 
~ 
~ "--' ---! ~02-104 




~ ~ "'Il 
t5 ~ ~ .... / ~;R .. .,.., ...... ' I"""- -r-.. ..... ~~~ 
J~ r"'o~ -"""' _M04-1o6 r--... "• _,..., .. , 
...... "A"-"B" _/', , '\ 0.1 
100 1K 10K lOOK 1M 10M 100M 
FREQUENCY • HERTZ 
Figure 6. Extrapolated Manufacturer's Curve for 
Component Al with Asymptotes. 
Step 4 - Same as Step 4 of Technique #2A. 
Step 5 - Draw the circuit for the resulting model: 
35 H:-2 
_......,.,=I I 
537 Q 0.1 11F 
f0.258 
3.2.3.2 Analysis of Technique #2B 
37.5 nH 
As expected the only difference between the model produced by Tech-
nique #2B and the model produced by Technique #2A is the value of L. As 
shown before, R is large enough that it can be neglected. The magnitude of 
p 
the impedance <IZI) of the above model is given in Table 3 and Figure 7. 
With this modeling technique, the accuracy of the resulting model is greatly 
improved; the difference between the magnitudes of the calculated impedance 
(jZj) and of the impedance from the manufacturer's curve <lz fl) is less manu 
than 25% at all analysis frequencies. Also, visual examination of the curves 
for the two sets of data in Figure 7 indicates that they are within the width 
of a line of being the same. Therefore, this modeling technique (#2B) provides 








MAGNITUDE OF IMPEDANCE OF MODEL RESULTING 
FROM TECHNIQUE #2B FOR COMPONENT Al 
Frequency !2manuf! lzl* E 
(Hz) (r2) (r2) (%) 
1 X 10
2 
~ 17 k 15.9 k -6.5 
5 X 10
2 
3 k 3.18 k +6 
1 X 10
3 
1.4 k 1.59 k +13.6 
5 X 10
3 
310 324 +4.5 
1 X 10
4 
170 167 +1.8 
5 X 10
4 
55 45.8 -16.7 
1 X 10
5 
34 31.8 -6.5 
5 X 10
5 
15 18.4 +23 
1 X 10
6 
13 15.3 +18 
5 X 10 
6 
10 10.1 +1 
1 X 107 10 8.68 -13 
5 X 10
7 
17 13 -24 
1 X 10
8 
25 24 -4 
* IZ\ is the magnitude of the impedance 
calculated from the model 





" "l r--J ~ ~ 
~ ~~ 1 II\. ~ ' "' 1"111.. 1""-,..,_ ,_., """""!IIIII IL ~ 
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I 
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! f 10 
! t-- MD4-100 1"""'-o.. l.,ooolill"' , 
0.1 
~00 1K 10K lOOK 1M 10M lOOM 
FREQUENCY • HERTZ 
Figure 7. Calculated I z'f of Model Resulting from Technique 1!2B 
for Component Al Plotted on the Manufacturers' Curve. 
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It is noted that the series resistor resulting from this modeling tech-
nique is frequency dependent. One possible way of simplifying the resulting 
model is to assume that this resistance is constant with frequency; this 
simplification is the basis for Technique #2C. 
3.2.4 Application of Technique #2C 
One final variation of the engineering approximation approach for 
Component A1 was investigated. This modeling technique assumes that the 
series resistance in the model resulting from Technique #2B is a constant. 
3.2.4.1 Modeling Procedure 
Steps 1 through 3 - Same as Steps through 3 for Technique #2B. 
Step 4- Since R must be ~10 n@ 5 MHz <lz f\ . ), assume that s manu m1.n 
R = a constant s 
= \ Zmanuf \min 
= 10 n 
Step 5 - Draw the circuit for the resulting modeling neglecting R for p 
the reasons given previously (i.e., it is large compared to the impedance 
of the elements it is in parallel with): 
---"1\1\; 
10 n 
3.2.4.2 Analysis of Technique #2C 
I ~1 oo o'..__-
o.l ~F 37.5 nH 
This simplification does not reduce element count in the resulting 
model; however, it does change the resistance from a frequency dependent 
element to a constant (which may make it more usable in computer-aided circuit 
analyses). Therefore, its impedance was calculated and compared with I Z fl manu 
to determine the effect of the simplification on the accuracy of the res.ul ting 
model. The calculated impedance (\Z\) is compared with lz fl in Table 4 manu 
and Figure 8. This comparison indicates that the difference in impedance 
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TABLE 4 
MAGNITUDE OF IMPEDANCE OF MODEL RESULTING 










1 X 104 
5 X 104 
1 X 105 
5 X 105 
1 X 106 
5 X 10
6 
1 X 107 
5 X 10
7 








I z I 
(n) 
~ 17 k 15.9 k 
3 k 3.18 k 











IMPEDANCE Y8. FREQUENCY 
lil 
~ ~~111 "' '- I' ~ {<> 
~ ...J~ '" o_,. ""-
' "i: lll .... """"" -....... ..... ~ !Ill .. ~ """"-1 .... _ ..,,...-L 
_MD4-100 ~ ~ ...... 
100 1K 10K 100K 1M 10M 100M 
















Figure 8. Calculated ]z] of Model Resulting from Technique #2C 
for Component Al Plotted on the Manufacturers' Curve. 
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increases from ~20% (Table 3) to ~40% (Table 4) at one to two frequency decades 
below fR but decreases from ~20% to ~10% at frequencies greater than fR. 
Thus, simplifying the resulting model for the capacitor by using a modeling 
technique that assumes the series resistance to be constant instead of a 
function of frequency considerably improves the accuracy of the model at 
frequencies above resonance and significantly compromises the accuracy at 
frequencies immediately below resonance. Even though the accuracy is decreased 
at some frequencies, the difference between the calculated I zl and lzmanufl 
is less than 45% at all the analysis frequencies. 
3.3 Modeling and Analysis of Remaining Capacitors 
The detailed modeling and analysis described in the preceding paragraphs 
have shown that the use of the direct calculation approach for modeling capaci-
tors does not result in an accurate model at higher frequencies; however, 
variations of the engineering approximation approach can produce relatively 
accurate models. To confirm this conclusion, several of the remaining selected 
capacitors were modeled using both approaches and the resulting models were 
analyzed. The results of these analyses are comparable to the results dis-
cussed in the preceding paragraphs. 
Applying the engineering approximation approach to other capacitors 
required some additional variations in the specific steps. The major reason 
for these variations is that the different manufacturers do not provide the 
same type data nor data over the same frequency range (see Appendix A). For 
example, the lzl vs f curve for capacitors B1, B2, and B3 only goes to 1 MHz 
and the minimum of this curve is not shown. Therefore, the minimum value 
of IZI and the resonance frequency can not be determined. However, for these 
components a curve of effective series resistance (ESR) is also given. Hence, 
Rs can be determined from a straight line approximation to the ESR curve. 





For the three "B" capacitors, the values of R and C were calculated to be s 
Ca_Qacitor c Rs 
(llF) (;6) 
B1 -0.1l1F (50V) 0. 1 182 f-0. 191 
B2 - 3. 3 llF (50V) 3.3 1.61 f-0.103 
B3 - 56 llF (6V) 56 0.356 f-0 · 077 
For some of the other capacitors, a IZI vs f curve is not available 
from the manufacturers. However, some manufacturers do provide a curve of 
the change inC as a function of frequency (~C vs f). Another variation of 
the engineering approximation approach can be used with this data to determine 




Assume the ~C vs f curve is a plot of the change in the equivalent 
capacitance (C ) as a function of frequency. eq 
Assume ~he model is an CLR series circuit as has been shown to 
be the case with other capacitors. 
Then, the reactance of the Ceq should be the same as the reactance 
of the model, or 
l -. _.!._ + w L - wceq = we 
L = _.!._ (ceq - c) 
J.\2 c c 
w eq 
This technique was used for capacitors such as B3 and C1. It gives the fol-
lowing model configuration: 




where the methods for calculating R and C have been described previously s 
for the three "B" capacitors. For capacitors B3 and C1, the following element 
values were calculated: 
30 
Ca2acitor c L R s 
(~F) (H) ( S1) 
B3 - 56 ~F (6V) 56 0. 111 f-1.3 0.356 f-0•077 
0.652 f-1. 4 * C1 - 4.7 ~F (20V) 4.7 1. 05 
3.4 Modeling and Analysis of Inductors 
The majority of the manufacturers of inductors do not furnish impedance 
data (or curves) as a function of frequency. In fact, of all the manufacturers' 
data surveyed in Appendix A, none of the inductor manufacturers have lzlvs f 
curves available. The only data given as a function of frequency is the 
quality factor (Q); Q vs f is available for approximately 20% of the surveyed 
components. Furthermore, when Q vs f is given, it typically covers only a 
small frequency range around resonance. Since data describing the overall 
characteristics of the inductor as a function of frequency is not available, 
the engineering approximation approach can not be used for modeling inductors. 
Even though the direct calculation approach can be used with manufacturers' 
data to model inductors, it is not possible to assess the merits of the various 
modeling techniques nor determine the accuracy of the resulting model since 
the IZI vs f type data is not available with which to compare. 
For these reasons, only limited modeling of inductors was performed 
to basically illustrate how the direct calculation approach would be applied. 
To illustrate the application of this approach, the modeling of one inductor 
is presented. Component S1 is a 0.1 ~H Torotel TA subminiature RF coil. 
The data given by the manufacturer is 
L = 0.1 ~H 10%; Qtypical vs f (8 MHz to 50 MHz); 
fR . = 450 MHz; Q . @ 25 MHz = 60; m1n m1n · 
Rd = 0.04 S1; Core ~ powered iron c max 
This data is shown in Figure 9. The direot calculation approach for modeling 
inductors consists of the following steps: 
* Since the lzl vs f curve does not extend below fR by more than one-half 
of one frequency decade,the f
3 
dB point oan not be determined and a line 
for R can not be determined. Therefore, R was as~umed to be a constant s $ 





MINI-L ENCAPSULATED INDUCTORS 
TA SERIES 
• .. IQUINCY .ANOI: l TO 50 MHz. 
• INDUCTANCI TOLIUNCES: LESS THAN 1.0 uH, ±lO"A.. 
GREATER THAN OR EQUAl TO 1.0 uH, ±5%. 
CLOSER TOLERANCES AVAILABLE BY SPECIAL REQUEST. 
• INDUCTANCI TC: +50 PPMJ>C MAXIMUM. 
• MAXIMUM I'OWH DISSIPATION: 0.2 WATT. 
• LEADS: I INCH MINIMUM AWG 24 TINNED COPPER WIRE. ADD SUFFIX 
"D" TO PART NUMBER FOR WELDABLE GOLD PLATED DUMET 
LEADS. 
• METHOD OP MEASUUMINT: APPARENT INDUCTANCE MEASURED ON 
BOONTON 260-A "Q" METER WITH LEADS CONNECTED lfio INCH 
FROM INDUCTOR BODY DIRECTLY TO "Q" METER TERMINALS. 
RESIDUAL "Q" METER INDUCTANCE OF 0.01 uH SHOULD BE SUB-
TRACTED FROM READING. 
•MIL.C.15305, GRADE 1, CLASS a 
TYPICAL "Q" VS FREQUENCY 
t 
20 
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I 2 ' 10 20 I FREQUENCY IN MEGAHERTZ 
...... , APPAliNT MINIMUM liST MINIMUM MAXIMUM DC 
NUQII INOUC:fANCI "'0'" .. IOUINC'f Slf Del C'URIINT 
(uN) (MHz) (MHa) (ohM•) (lilA) 
• TA. 1 0,10 00 25 A50 0.0. 22l0 
• TA. 2 0.12 00 25 AU) 0.05 '000 
• TA. 3 0.15 65 25 JSO 006 1!25 
•rA-4 018 65 25 325 0.07 1675 
• TA,. S 0.22 65 25 lOO 0.08 IS SO 
• TA· 6 0,27 65 25 280 0.09 IA75 
* TA~ 7 0.33 65 25 200 0.10 1>1()0 
• rA. a O.J9 70 25 2<10 0.11 1325 
• TA. 9 0.A7 70 2S 220 O.IS 1125 
• TA-l() 0.56 10 25 200 0.20 1000 
• TA.11 0.68 70 15 1110 0.15 -• fA-!2: 0.82 70 25 165 O.lO 810 
*TA-ll 1.0 70 25 ISO O.l5 750 
• TA-14 1.2 65 1.9 130 0.25 875 
• fA.lS 1.5 65 7.9 120 O.JO 1100 
• TA-Ut 1.8 65 7.9 110 0,50 600 
• fA-17 2.2 65 1.9 100 0.15 500 
• TA-18 2.7 65 7.9 90 0.90 •so 
• TA 19 3.l 65 7.9 70 1.0 •25 
• TA.20 3.9 65 7.9 00 12 .00 
• TA.21 •. 1 00 1.9 50 1.S 350 
• IA22 S.6 60 19 ., 17 325 
• TA-23 6.8 00 7.9 AO 2.0 lOO 
• TA·2A 82 00 7.9 37 2.• 290 
• T.t..25 10,0 60 7.9 35 2.6 2110 
TYPE A B c D E 
TA-TF 
.225 .210 .110 .100 .020 
(5,72) (15,33) (2,79) (2,54) (,151) 
TB .300 .280 .160 1i?8a1 .0215 (7,62) (7,11) (4,06) {,64) 
TD ~~~~ .390 .197 .200 .025 (9,91) (5,00) (5,081 (,64) 
TF SERIES 
• FREQUENCY UNGE: 25 TO 300MHli: 
• INDUCTANCE TOLDANCES: LESS THAN 0.1 vH, ± 20%. 
GREATER THAN OR EQUAL TO 0.1 uH, ± 10%. 
CLOSER TOLERANCES AVAILABLE BY SPECIAL REQUEST. 
• INDUCTANCE TC: + 200 PPMI"C MAXIMUM. 
• MAXIMUM POWE. DISSII'ATION: 0.2 WATT. 
• LEADS: I INCH MINIMUM AWG 24 TINNED COPPER WIRE. ADD SUFFIX 
"[)" TO PART NUMBER FOR WELDABLE GOLD PLATED DUMET LEADS. 
• METHOD OF MIASU.EMENT: APPARENT INDUCTANCE MEASURED ON 
BOONTON 190-A "Q" METER WITH LEADS CONNECTED V4 INCH 
FROM INDUCTOR BODY DIRECTlY TO "Q" METER TERMINALS. 
RESIDUAL "Q" METER INDUCTANCE OF 0.0026 uH SHOULD liE 
SUBTRACTED FROM VALUfi CALCULATED FROM C AND F READ· 
INGS. 
•MIL·C·15305·, GRADE 1, CLASS I 
1.00 
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10 20 50 100 200 
FREQUENCY IN MEGAHERTZ 
, ... llf A'fAIINf MINIMUM TUf MINIMUM MAXIMUM 0( 
NUMolll IHDUCTANCI -Q- fiiOUINCY SIIF OC:l C\IIRENT 
(uN) (Mth) (MHa) (ohMo) (lilA) 
•rF.' 0.01 60 150 1000 002 3100 
•tF-2 0012 00 150 1000 0,02 3100 
•rF. l 0.015 00 ISO 1000 0.02 3100 
*TF-4 0.018 00 ISO 1000 002 JIOO 
•rF-5 0.022 60 100 000 0.02 3100 
• TF· 6 0.027 00 100 1100 002 3100 
•TF-7 0.033 00 100 150 0.02 3100 
• TF· 8 0.039 00 100 700 0.02 3100 
• Tf. 9 00.7 00 100 oso 0 02 3100 
• ff.tO 0.056 00 100 600 0.02 3100 
•Tr-11 0.068 00 100 550 003 2500 
• Tf-12 0.082 00 100 500 003 2500 
• Tf.l3 0.10 110 50 •so O.OA 2200 
•TF-1<4 0.12 80 50 >1()0 0.05 2000 
• TF.JS 0.15 110 50 350 0.06 1800 
• Tf·lO: 0.18 110 50 320 0.01 1650 
•Tf-l7 0.22 110 50 JOO 0.08 1500 
• ~~- 18 0.27 eo 50 280 0.10 1.00 
• TF-19 0.33 110 50 200 0.12 1300 
• IF·20 0.39 110 50 2.00 0 1' II SO 
• H<21 0.47 110 50 220 0.20 1000 
0.50 70 50 200 0 25 000 
006 70 50 IS<} 0.30 800 
•Tf.U 0.82 70 so 100 035 150 
•lf·2.S I() 70 50 150 0.40 700 
•DISTRIBUTOR ITEM 
Figure 9. 
Reprinted courtesy of Torotel, Inc. 
Data Sheet for Component Sl (Part Number TA-l, 
0.1 ~H inductor). 
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Step 1 -Assume the configuration of the model is as given in Figure 1(b). 
Step 2 - Assume L is the cardinal value of the inductor; then 
L = 0.1 11H 
Step 3 - Calculate C from the resonance frequency (fR) (since the 
given fR is a minimum, the calculated value for C will be a maximum): 
Therefore, 
f = _1 __ 
R 21fv'£C 
1 c =--~---max 2 
( 21rfR min) L 
1 
= --------------------------
[21f(450 X 106)] 2(0.1 X 10-6) 
= 1.25 X 10-12 
= 1.25 pF 
(10) 
Step 4 - Calculate R from Q . @ 25 MHz (since the given value of 
m~n 
Q is the minimum at 25 MHz, the calculated value of R will be the 





R (25 Mllz) 
m 
wL 
= -~-i-n-:-( 2_5_MH_z-=-) 
2n(25 X 106)(0.1 X 10-6 ) 
60 
= 0.262 n 
= 262 mn 
(11) 
If Q . at one frequency was the only data given for the quality factor 
m~n 
(as is the case for approximately 80% of the inductors surveyed in Appendix 
A), there are two possible ways of proceeding beyond Step 4. The first possi-
bility is to assume that R is a constant and equal toR (at 25 MHz). The max 
second possiblity is to approximate R by a straight line through Rd c max 
and R (25 MHz) as follows: max 
33 
R 
R (25 }ffiz) - R 
max de f 
25 MHz - 0 + Rdc (12) 
= 0.262 - 0.04 f + 0.04 
25 X 106 
= 8.88 X 10-gf + 4 X 10-2 
The available data is insufficient to analyze the accuracy of the models 
resulting from these two alternatives. However, based upon the analyses of 
capacitor modeling techniques presented previously, it is likely that the 
first way will result in an inaccurate model. Also, it is concluded that the 
second possibility, even though it is probably more accurate than the first, 
is unlikely to result in an accurate model since both values of R used in 
determining the equation for R are maximums. 
If a curve of Q vs f is given, as is the case for S1, then R can be cal-
culated as a function of frequency in Step 4. The resulting curve of R vs f 
can then be approximated by a straight line or by a parabola. A second-or~der 
equation describing the resistance of an inductor as a parabola has been 
set forth [7] as follows: 
where L = cardinal value of inductance, 
k1 = a de resistance factor, and 
k2 = an eddy current factor 
This equation as applied to the illustrative example becomes 
-16 2 R = 0.15 + 1.15 X 10 f 
where k1 and k2 were evaluated using 
R(8 MHz) = 157 m1, and 




(These two values of R were calculated from the values of Q at these frequen-
cies as determined from the Q vs f curve.) The model resulting from this 
technique is 
1.25 pF * 
I I 
I roo"' '\Nv~~-
0.1 ~H 0.15 + 1.15 x l0-16£2 Q 
The Q calculated from this model is shown as dotted line "A" in Figure 10. 
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Figure 10. Calculated Q (line "A") for Model of Inductor Sl 
Obtained by Assuming R
8 
to be a parabola. 
One final technique for modeling inductors when a curve of Q vs f is 
given has been documented by Bourns, Inc. [8]. Using this technique, the 
circuit configuration for the model is 
c 
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where R w = the winding loss 
w L -max 
2Qmax (15) 
R = the core loss c 
= 4Q
2 R max w' and 
( 16) 
L and C are determined as in Steps 2 and 3 on page 33. That is, L is the 
cardinal value of the inductance and C is calculated from L and the resonanee 
frequency (fR). In Equation 15, w is the frequency at which Q is a maximum max 
and, hence, does not necessarily correspond to fR. 








Thus, the resulting model is shown above with the following values for the 
elements: 
L = 0. 1 11H 
c = 1. 25 pF 
R = 122.6 m~ w 
R = c 3.3 k~ 




where Q = wL/R is the low frequency part of the Q vs f curve and Q = R /wL w w c c 
is the high frequency part of the Q vs f curve. This total Q was calculated 
and is plotted as dotted line "B" in Figure 11. 
Figures 10 and 11 indicate that both the modeling technique using a 
parabolic representation of R and the above technique provide relatively 
accurate approximations to the Q vs f curve. However, it should be noted 
that both of the techniques increase the complexity of the resulting model. 
The former requires that R be a second-order function of f while the latter 
increases the element count in the model. 
In summary, the direct calculation approach can be used to model essen-
tially all the inductors surveyed in Appendix A. However, there is insuffi-
cient manufacturers' data to analyze the accuracy of the resulting models. 
For approximately 20% of the surveyed inductors, a Q vs f curve is available. 
Various approximation techniques can be used to determine the resistance 
of the model from this curve and some of them provide a relatively accurate 
value for Q as a function of frequency. However, their impact on the overall 
model is unknown since insufficient data describing the overall characteris-
tics of the inductors is available for comparison. 
3.5 Modeling and Analysis for Resistors 
Approximately two-thirds of the resistor manufacturers surveyed (see 
Appendix A) provide data that yields the magnitude of impedance as a function 
of frequency. The various forms of data are identified in Table A-3 and 
examples of these forms are given in Figure A-3 of Appendix A. This data is 
generally labeled as "typical" for all the cardinal values of a given type of 
resistor and, in some instances, this data is only given for a limited number 
(sometimes one) of resistor types. Review of the data below 200 MHz indicates 
that except for large cardinal values of resistance the information on the 
impedance curves is not enough to model the resistor as more than an ideal 
resistor. Above 200 MHz, the data provided by manufacturers is typically in 
the form of\Zivs (f x R) curves; it was available for less than 15% of the 
resistors examined. The impedance curves that are given in the form oflzl 
vs (f x R) can be used to obtain the lzl vs f curve up to frequencies higher 
than one gigahertz, depending on the cardinal value of the resistor. (For 
smaller cardinal values, the upper frequency for which the curve applies 
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Figure 11. Calculated Q (line "B") for Model of Inductor Sl Obtained 
by Assuming the Existence of Two Constant-Value Resistors 
(R and R ) in the Model. w c 
is higher.) Again, it is noted that this data must be "typical" since only 
one curve is given generally for all cardinal values and all power ratings 
of a type of resistors. 
Resistors U(1 and 2), V(1 and 2), and Y(1 and 2) (see Appendix B) were 
selected as resistors with manufacturers data that is representative of the 
three forms of impedance data illustrated in Figure A-3. Resistors U1 and 
U2 are 100n and 100 kn, respectively, 1/4-watt Allen-Bradley Type CB hot 
molded (carbon) composition resistors. Their available impedance data is 
in the form of curves of the ratio of jZI to Rdc versus the nominal Rdc for 
various frequencies (i.e., ( lzl vs Rdc) @ f's in Table A-3). This data, 
plus the data for the 1 kn, 10 kn, and 1 Mn resistors of the same type, are 
replotted in the more convenient (for modeling) form of IZI vs fin Figure 
12. Impedance curves with this general shape (i.e., a constant lzl at the 
lower frequencies and a decreasing IZI with increasing fat the higher fre-
quencies) imply a canonic model in the form of an ideal resistor in parallel 
with an ideal capacitor for a model. The ideal resistor produces the low 
frequency part of the curve where IZI is constant while the capacitor deter-· 
mines the high frequency part where IZI is decreasing with frequency. The 
engineering approximation steps for determining the values of the ideal resls-
tor and capacitor are as follows: 
Step 1. Draw a horizontal asymptote to the curve at low frequencies. 
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Figure 12. Modeling and Analysis Data for U-type Resistors. 
I 
10 
Step 2. Locate f
3 
dB which is the frequency at which the low frequency 
asymptote and the IZI curve differ by 3 dB. (In Figure 12, 
the IZI curve for the 100 k~ resistor is 3 dB below 
(i.e., 0.707 of) the horizontal asymptote at 5.7 MHz. Thus, 
f 3 dB= 5.7 MHz.) 
Step 3. Draw a straight line with a slope of -6 dB/octave (-20 dB/decade 
that intersects the horizontal low frequency asymptote at 
f
3 
dB" (This line should be asymptotic to the high frequency 
part of the impedance curve.) This line represents the reac-
tance of the ideal capacitor (X = 1/wC) in the model and, 
c 
thus, the value of C can be calculated as C = 1/WX . c 
Insufficient data is available in Figure 12 to model the parasitics 
of resistor U1 (100 Q) beyond an ideal resistor of 100 n. Therefore, the 
three steps above were applied to resistor U2 (100 kQ) and the 1 M~ resistor. 
(The resulting "asymptotes" are shown as dotted straight lines in Figure 12.) 
The straight line above f
3 
dB that decreases at 6 dB/octave is not asymptotic 
to the high frequency part of the IZI curve. Even so, the technique was 
carried on through to define a "model" for resistor U2. For example, the 
straight lines drawn for resistor U2 were used to calculate the value of R 
and Cas 100 kn and 0.27 pF, respectively. Next, the impedance of this "model" 
was calculated as a function of frequency and plotted in Figure 12 as a dotted 
curve with circles on it. As expected, this calculated lzl curve is tangent 
to the straight line approximations but is not an accurate representation 
of the manufacturer's IZI curve at frequencies above approximately 10 M~z. 
Consequently, it was concluded that this type of data is not adequate for 
modeling purposes. 
The available impedance data for resistors V1 and V2 and resistors Y1 
and Y2 are replotted as solid curves in the form of lzl vs fin Figures 13 
and 14, respectively. Data for other cardinal values are also included on 
each graph. The three steps described above were applied to these curves. 
The resulting approximations are shown as dotted lines on the curves. Unfor-
tunately, the -6 dB/octave lines are not asymptotic to any of the curves. 
Therefore, it appears that the manufacturers' curves for resistors do not 
* support the generation of simple models. 
* Task 2 measurements - see Sec. 4.0 - showed that most resistors can indeed 
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Figure 14. Modeling and Analysis Data for Y-type Resistors. 
For all of the resistors examined, the difference between the straight 
line approximations with a -6 dB/octave slope and the lzl curves may be due 
to a combination of the following: 
o In general, the small size and lack of resolution of the manufac-
turers' curves prevent reading data accurately from these curves. 
o The manufacturers curves are, in general, labeled as "typical" 
and are intended to show the general shape of the impedance charac-
teristics for a large class of resistors and, thus, are not intended 
to accurately depict any single component. 
o The ordinate axis of the manufacturers' curves are normally given 
in percent of Rdc" Hence, the top half of the ordinate axis repre-
sents only 6 dB on a log scale, the top 90% represents only 10 
dB, while the bottom 10% represents several tens of dB. Therefore, 
the lzl curve in percent of Rdc is distorted relative to the lzl 
curve in dB which is most appropriate for modeling. Replotting 
this type of curve can introduce errors. 
In summary, the resistor data available from manufacturers in general 
only covers a limited frequency range. Even the data that is available does 
not lend itself to the generation of simple models. 
3.6 Observations Relative to the Modeling of Components Using Available Data 
During the Task 1 modeling and analysis effort using data available 
from the manufacturers, several observations were made. These observations 
are summarized as follows: 
o Of the 53 components suggested for consideration on Task 1, the 
available data for only 51% could be completely modeled with the 
direct engineering approach. This approach could be used to partially 
model 38% of the selected components, but could not be used with 
the available data for 11% of the components. 
o The available data for only 15% of the suggested components could 
be completely modeled with the engineering approximation approach. 
This approach could be used to partially model 25% of the components 
and could not be used with the available data for 60% of the compo-
nents. 
o When either approach is used to model capacitors, the resulting 
parallel resistance (R ) can generally be eliminated from the model 
p 
since normally R is much greater than the series resistance and p 
the capacitive reactance that is in parallel with R . 
p 
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o Use of the direct calculation modeling approach for capacitors 
typically produces an inaccurate model at higher frequencies since 
the series resistance (R) is calculated from the dissipation factor 
(DF) at 120 Hz. This R is assumed to be a constant and its value 
is generally much greater than the minimum value of z. Thus, large 
errors occur at the higher frequencies where the lzl curve goes 
through a minimum. 
o The accuracy of the models resulting from the use of the direct 
calculation approach with available inductor and resistor data 
is not expected to be significantly improved over that obtained 
for capacitors. Unfortunately, the information provided by the 
manufacturers is not sufficient to check this hypothesis; however, 
the reasons for these inaccuracies in the capacitor models should 
also apply to the inductor and resistor model. The major difference 
is expected to be the frequencies at which the inaccuracies occur. 
o A curve of impedance versus frequency ( lz! vs f) appears to be 
the most appropriate type of data for modeling passive components. 
o In general, only a few manufacturers have lzl vs f data available 
and, when it is available, it is typically only for a limited fre-
quency range. 
o In general, lzl vs f type data is available only for electrolytic 
capacitors and for resistors. 
o For electrolytic capacitors, the !zl vs f data is available only 
for a small percentage of the cardinal values of a given type capa-
citor and is generally labeled as "typical." 
o For the resistors, the !zl vs f data is generally "typical" for 
all cardinal values of a given type component. 
o Many of the lzl vs f curves available from manufacturers are rela-
tively small physically. Thus, it is difficult to read them accu~ 
rately. For example, an error of 0.5 mm in reading the curve for 
Component A1 results in an error of approximately 15% in the value 
of the impedance. Similarly, an error of 1 mm is equivalent to 
a 30% error. Thus, some of the inaccuracy in the resulting model 
can be due to errors in reading the manufacturers curves. 
o When a component can be modeled using manufacturers' data, the 
resulting model necessary to obtain relatively accurate results 
is a fairly simple model. In general, it has at most three ideal 
elements. 
o Capacitors that have a IZI vs f curve for a high enough frequency 
range can be accurately modeled as an RLC series circuit where: 
• C is the cardinal value 
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• L is determined from the resonance frequency which is deter-
mined as the intersection of the low (-6 dB/octave) and high 
(+6 dB/octave) frequency asymptote to the given curve 
• R is a function of frequency of the form k1f(-k2). 
o The capacitor model can be simplified by assuming the series resis-
tor to be a constant that is equal to the minimum value of the 
lzl vs f curve; however, this assumption reduces the model accuracy. 
o In general, inductors and resistors either can not be accurately 
modeled using available data or the available data is insufficient 
to determine the accuracy of the resulting model. 
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4 .. Q MODELING AND ANALYSIS OF MEASURED DATA (TASK 2) 
The survey and classification of manu,facturers' data on Task 1 showed 
that the type of data appr.opriate for modeling passive components, including 
their parasitics, is only available over a limited frequency range for a 
small number of components. For this reason, Task 2 was directed toward 
extending the modeling techniques to 1 GHz using measured data. Thus, the 
specific steps on this task included defining the ~!propriate data requirements, 
developing measurement techniques for obtaining this data, selecting and 
measuring specific components, and developing and analyzing modeling techniques 
for use with the measured d~ta. 
Based on the results of Task 1, it was decided that the most appropriate 
data for modeling passive components is a curve of impedance as a function 
of frequency. This type of data completely describes the. characteristics 
of the component; it is ap.propriate for use with the engi~eering approximation • • 
modeling approach (see Sec. 2) ·; and it is straightforward to obtain. In 
fact, potential ~easurement techniques appropriate for determ~ning lzl from 
•• 5 Hz to 1 GHz were iqen~i.fied and analyzed on thi~ task.. (Appropriate 
measurement techniques are·described in Appendix c;) 
A total of 68 c~paci tor~, inductors, and resi.stors were selected for 
measurement on Task 2 (see Appendix D). Using the measurement techniques 
discussed in Appendix C, the magnitude and phase of the complex impedance 
( IZI and e2) were measured for each of the selected components. The measured 
data from the various instruments were combined into single graphs from 5 Hz 
to 1 GHz for IZI and e2 . The resulting lzl vs f curves were then grouped 
according to their frequency characteristics. Finally, in order to reduce 
the amount of data handling, a representative component was selected from 
each group. (The definition of the various groups and the selected componen·ts 
• In task 1, it was shown that this modeling approach provided more accurate 
models than the direct calculation modeling approach. Therefore, the engi-
neering approximation approach was used exclusively on Task 2 . 
•• The lower frequency of 5 Hz was used because of limitations of the measure·-
ment instrument; however, if required, the lzl vs f curve can be extrapolated 
down to 1 Hz. 
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are identified in Appendix D. The associated izl vs f curves are presented 
* in part (a) of Figures D-1 through D-17.) 
For each of the three types of components, the lzl vs f curves in Appendix 
** D can be generalized to produce generic curves. These generic curves 
will be used to illustrate the application of engineering approximation to the 
measured data. The generic ]zl curves for the measured capacitors, inductors, 
and resistors are given in Figures 15, 16, and 17, respectively. (Note that 
two generic curves are required to represent the resistor data.) Variations 
curves resulting from the measured data have discontinuities at the 
common frequencies where the various measurement systems overlap, particularly 
for the reflectometer system (e.g., see the representative curves given in 
Appendix D). It appears that the discrepancies in the measured data are due 
to the different parasitics associated with the various instrumentation sys-
tems, their cablings, and th3 component mounts. These instrumentation para-
sitics will exist at all frequencies even though their effects are observed 
only at the common measurement frequencies. The presence of these parasitics 
is eonsidered to be responsible for the resonance behavior exhibited by some 
of' the measured impedance curves obtained with the reflectometer system. This 
conclusion is supported by the existence of parallel resonance peaks (between 
the parasitic inductance of the reflectometer system and component stray 
capacitance) in data obtained (below 500 MHz) with the reflectometer but not 
in data obtained with the network analyzer. A preliminary analysis of these 
p2rasitics and potential methods of removing their effects are described in 
Appendix E. It appears that the measured data used to develop the modeling 
techniques in this section includes these instrumentation parasitics. How-
ever, the techniques developed for modeling the data are valid independent 
of the source of the data. wbether the parasitics indicated by the data 
and, thus, in the resulting model are due to the component-under-test or the 
i.nstrumentation is irrelevant as far as developing the modeling techniques 
on this program is concerned. The initial analysis in Appendix E indicates 
that it is feasible to account for the instrumentation par.asitics and analy-
tically reduce their effects on the measured data; however, these instrumen-
tation parasitics need to be measured in greater detail and a more thorough 
investigation of these analytical procedures is necessary prior to using 
any of the potentially feasible data correction techniques. For this reason, 
modeling techniques were developed on this task using the measured data as 
is. At points of discontinuity, the discrepaney was either ignored by aver-
aging the various curves or one of the curves v1as selected for use in the 
modeling and analysis. In general, when other data was in disagreement with 
the reflectometer data, the other data was used. 
** There are three exceptions in Appendix D to the generic curves. The tech-









Figure 15. Generic Curve of the Magnitude of Impedance 
of the Measured Capacitors and Configuration 
of the Resulting Model. 
log f 
Figure 16. Generic Curve of the Magnitude of Impedance 
of the Measured Inductors and Configuration 

















Figure 17. Generic Curves of the Magnitude of the Impedance 
of the Measured Resistors and Configurations 
of the Resulting Models. 
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in these generic curves do occur for different groups of components. Typically 
these variations involve the locations of the resonance frequencies and the 
sharpness of the curves at these resonances, e.g., see the dotted curves 
on Figure 15. 
These impedance curves can be modeled using the engineering approximation 
approach. The resulting models consist of ideal capacitors (C), inductors 
(L), and resistors (R). The curves are, thus, approximated by asymptotes 
with slopes of -6 dB/octave representing ideal capacitors (lines "A" in Figures 
15, 16, and 17), slopes of +6 dB/octave depicting ideal inductors (lines "B"), 
and slopes of zero (horizontal line) for ideal constant-valued resistors 
(lines "C"). These asymptotic approximations for the basic generic curves 
are illustrated in Figures 15, 16, and 17. The relative changes in the slopes 
of these asymptotes with increasing frequency determines the configuration 
in which the ideal components are interconnected. The criteria are listed 
in Table 5. It should be noted that when the change in slope is in a positive 
direction (i.e., to a more positive slope) the configuration is a series 
circuit while a slope change in the negative direction indicates a parallel 
configuration. 
To accurately model the generic curves, the following guidelines are 
applied: 
o The asymptotes for an ideal capacitor and an ideal inductor inter-
sect at the resonance frequency (fR). 
TABLE 5 
MODEL CONFIGURATION SELECTION CRITERIA 
Change in Slope 














of Model Components 
Series CR circuit 
Series resonant LC circuit 
Series RL circuit 
Parallel resonant LC circuit 




The asymptotes for an ideal resistor and an ideal inductor or capa-
citor intersect at the break-point frequency (f
3 
dB) where the 
difference between the asymptotes and the actual curve is 3 dB [5]. 
The 3 dB bandwidth of a peak or null determines the quality factor 
(Q) at that resonance and, hence, the associated resistance. 
The value of the lzl curve at a series resonance (i.e., a minimum) 
is the value of the series resistance of the model at the resonance . 
frequency. 
Based on the above criteria, models for each of the generic curves were 
determined. The configurations of the resulting models are also presented 
in Figures 15, 16, and 17. The component values for these models are deter-
mined as follows: 
o The asymptotes representing ideal capacitors (with slopes of 
-6 dB/octave) are plots of XC = 1/wC versus f. Thus at any fre-
quency, XC can be determined from this straight line and the value 
of C can be calculated. 
o The asymptotes representing ideal inductors (with slopes of 
+6 dB/octave) are plots of XL = wL versus f. Thus, at any frequency, 
XL can be determined from this straight line and the value of L 
can be calculated. 
o The asymptotes representing ideal constant-value resistors (zero 
slope) are plots of the constant R versus f. Therefore, R can 
be determined directly from this horizontal line. 
Using the above guidelines, the representative components were modeled. 
The modeling techniques as well as the resulting models were analyzed in 
detail. The results of this modeling and analysis effort are presented in 
Figures D-1 through D-17. The (a) part of each figure in Appendix Dis the 
lzl vs f curve with the ideal-component asymptotes used in the modeling tech-
niques described above. The resulting model configuration and ideal-component 
values are also given on this part of the figure. In analyzing the modeling 
techniques and the resulting models, the IZI of the model was calculated 
as a function of frequency. The calculated data points are also plotted 
on the (a) part of each Appendix D figure. In general, the difference between 
these two curves is small except near resonances implying that the model 
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is accurate except in the vicinity of a resonance. As a measure of this 
difference, Ez' which is defined as 
(18) 
was calculated for each model. This curve is given as the (b) part of each 
figure in Appendix D for which a model was determined. If the measured data 
is defined as the correct value, then the Ez's are indications of the errors 
resulting from use of the models, i.e., small Ez's implies that the models 
are accurate. Review of these curves indicate that, in general, the differenoe 
between the IZI measured for the component and the lzl calculated from the 
resulting model are less than 20%, except in the vicinity of a resonance. 
In fact, the differences in many cases, with the above noted exception, were 
less than 10%. Therefore, it appears that this modeling technique (based 
on the criteria presented previously) results in a simple, accurate three-
element model. 
Using the above modeling technique, the remaining measured IZI curves 
were modeled to determine the range of the values of the elements in the 
models. Since the detailed analysis above indicates that this modeling tech-
nique results in simple, acccurate models, the models resulting from all 
* the measured data were not analyzed. The pertinent parameters resulting 
from the modeling of the IZI vs f curves for 29 capacitors, 14 inductors, 
and 25 resistors are given in Tables 6, 7, and 8, respectively. (Character-
istic models for each of these types of components are illustrated in Figures 
15, 16, and 17, respectively.) Table 6 indicates that for the measured capaci-
tors the series inductance (L) in the model range from 18 to 39 nH (the major:Lty 
arebetween 25 and 30 nH) with a mean value of 27.2 nH. Similarly, the values 
of the series resistance (R) range from 0.13 to 6.8Q with over 80% between 
0.5 and 1.3. The mean value of these R's is 1.05Q. Therefore, the data 
on the majority of the measured capacitors can be modeled fairly accurately 
as the cardinal capacitance in series with a 27 nH inductor and a 1 Q resistor . 
• It is to be noted that the effects of instrumentation parasitics are embedded 
in the derived parameters. See also discussion in Appendix E. 
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TABLE 6 
RESULTING MODEL ELEMENTS AND DATA PARAMETERS FOR MEASURED CAPACITORS 
Group Type of Cardinal Manufacturer 
fR R = z II CaEacitor Value & Catalog II c L s min 
(MHz) (nH) (n) 
1 Tantalum, 10 ll F Tansitor 10.1 ll F 0.31 27 
Wet Sintered Wl0-50ClK 
15 llF Sprague 13. 3 ll F 0.25 26 
109Dl56C2075F2 
22 llF Sprague 21.2 llF 0.20 27 
109D226X0025C2 
1..11 
820 ll F Tansitor 795.8 llF 0.034 25 
w UW820-10C3Ml 
Tantalum, 10 llF Sprague 10.6 llF 0.28 29 
Solid 196Dl06X9035PC4 
15 llF Sprague 15.2 ll F 0.23 29 
150Dl56X9035 
Metalized 2 llF Sprague 2.1 llF 0.60 30 
Polyester 431P-205 
Film 
2 Tantalum, 0.47 llF Sprague 0. 50 llF 1.2 30 1.3 
Solid 150D474X9035A2 
1.8 llF Sprague 1. 77 llF 0.8 21 1.0 
196Dl85X9035JA1 
(Continued) 
TABLE 6 (continued) 
RESULTING MODEL ELEMENTS AND DATA PARAMETERS FOR MEASURED CAPACITORS 
Group Type of Cardinal Manufacturer 
fR R = Z II Ca;eacitor Value & Catalog II c L s min 
(MHz) (nH) (n) 
3 Tantalum, 0.033 lJF Sprague 0.029 lJF 6.3 22 6.8 
Solid 150D333X0035 
Aluminum 50 lJF Mallory 54.9 lJF 0.12 30 1.0 
Electrolytic TT25X50A 
4 Polyester 0.047 lJF CDE 0.055 lJF 3 27 0.9 
WMF-1S47 
Ln 0.1 lJF Nytronics 0.114 lJF 3.7 25 0.54 
-+:-- 197Bl04M 
5 Polystyrene 10,000 pF Centralab 10,610.3 lJF 8 37 0.77 
Film CPR lO,OOOJ 
Ceramic 0.01 lJF Centralab 0.018 lJF 6.8 30 0.78 
DD 103 
6 Ceramic 1000 pF Centralab 884.2 pF 32 29 1.15 
DD 102 
Mica 0.0047 lJF El Menco 0.0047 lJF 13 30 0.72 
CM-30-E-472J 
Difilm 0.0025 lJF Sprague 0.0031 lJF 14 39 0.95 
6TM-D25 
0.005 lJF Sprague 0.0055 lJF 12.5 30 0.78 
6TM-D50 
TABLE 6 (concluded) 
RESULTING MODEL ELEMENTS AND DATA PARAMETERS FOR MEASURED CAPACITORS 
Group Type of Cardinal Manufacturer 
fR R = z It Ca12acitor Value & Catalog //. c L s min 
(MHz) (nH) (n) 
6 Polystyrene 3~00 pF Centralab 4081 pF 13.5 35 0.66 
CPR 3900J 
7 Ceramic 10 pF Centralab 11.1 pF 340 20 0.15 
DD 100 
20 pF Sprague 21.2 pF 270 18 0.13 
V1 
10TCC-Q20 
V1 47 pF Sprague 53.1 pF 155 21 1.2 
10TCC-Q47 
200 pF Sprague 205.4 pF 68 27 1 
10TCC-T20 
Mica, 20 pF Area 22.7 pF 250 18 0.155 
Silvered DM-15-200J 
200 pF Area 212.2 pF 70 23 0.95 
DM-15-201J 
470 pF A reo 468.1 pF 46 25 0.82 
DM-15-471J 
510 pF Sprague 530.5 pF 44 25 0.9 
424ME5100J501 
Polyester 1000 pF Nytronics 982.4 pF 27 35 0.5 
111Bl02K 
TABLE 7 
RESULTING MODEL ELEMENTS AND DATA PARAMETERS FOR MEASURED INDUCTORS 
Group Type of Cardinal Manufacturer 
fRl fR2 II Inductor Value & Catalog II L R c L 
(llH) (n) (MHz) (pF) (MHz) (nH) 
1 RF Choke 55 lJH Miller 51 0.79 15 2.2 
4629 
2 RF Choke 0. 68 lJH Miller 0.68 0.47 165 1.5 
9230-16 




RF, Molded 0.1 lJH Delevan 0.12 0.17 400 1.3 
Shielded 1641-101 
0.47 lJH Nytronics 0.56 0.16 170 1.5 
SWD-0.47 
0.47 lJH Nytronics 0.4 0.1 200 1.5 
WEE-0.47 
3 RF Choke 100 ll H Miller 95.5 2.5 10.5 2.3 
4632 
100 lJ H Miller 103.4 3.5 9 3 
9350-08 
RF, Molded, 100 lJ H Nytronics 97.5 1.6 10 2.5 
Shielded WEE-100 
1200 lJH Nytronics 1194 15.6 3.1 2.3 
SWD-1200 
(Continued) 
TABLE 7 (concluded) 
RESULTING MODEL ELEMENTS AND DATA PARAMETERS FOR MEASURED INDUCTORS 
Group Type of Cardinal Manufacturer 
fRl fR2 I Inductor Value & Catalog I L R c L 
(lJH) (Q) (MHz) (pF) (MHz) (nH) 
3 RF, Molded 120 lJH Nytronics 135.4 . 8. 9 9 2.2 
DD-120 
4 RF Choke 3.9 mH Miller 3. 7 mH 17.3 1.25 4.4 900 o~. OOJ7 
4668 
100 mH Miller 103.5 mH 382.5 0.17 7.6 330 0.03 
994 
lJ1 
-...J RF, Molded 10,000 lJH Delevan 9020 62.1 0.84 4 750 0.01 
2500-76 
TABLE 8 
RESULTING MODEL ELEMENTS AND DATA PARAMETERS FOR MEASURED RESISTORS 
Group Type of Cardinal Manufacturer 
f3 dB fR II Resistor Value & Catalos II R L c 
(Q) (Q) (MHz) (lJH) (MHz) (pF) 
1 Metal Film 100 TRW/IRC 100 
MAR7 
100 Caddock 100 
MS151 
* * 2 Metal Film 47 Corning 47 260** 0.028** 
\J1 
NA55-47R-l% 500 0.015 
{.X) 
* ** Carbon 56 Allen-Bradley 55 360** 0.024** 
Composition CB5601 590 0.015 
390 Allen-Bradley 400 250 1.53 
CB3911 
Carbon Com- 100 TRW/IRC 100 850 0.019 
position Film RCR20Gl01KS 
Carbon Film 100 R-Ohm 100 970 0.018 
R-25J-100 
3 Metal Film 28 Corning 28 160 0.027 
C4-28R-l 
Carbon 2.7 Allen-Bradley 3 16 0.3 
Composition CB27Gl 
(Continued) 
TABLE 8 (continued) 
RESULTING MODEL ELEMENTS AND DATA PARAMETERS FOR MEASURED RESISTORS 
Group Type of Cardinal Manufacturer 
f3 dB fR Resistor Value & Catalos II R L c 
(Q) (MHz) (lJH) (MHz) (pF) 
4 Metal Film 1.65 k TRW/IRC 1.6 k 60 1.59 
MAR3 
12 k Corning 12 k 6.3 1.99 
FP3-12k-10% 
50 k Caddock 49 k 1.45 2.07 
MS310 
\.1'1 52.3 k Corning 52 k 1.95 1.52 \0 
MC65-52.3k-O.l% 
100 k TRW/IRC 99 k 0.98 1.61 
AR40 
Carbon 1.5 k Allen-Bradley 1.4 k 73 1.53 
Composition CB1521 
Carbon Com- 1 k TRW/IRC 940 73 2.27 
position Film RCR20Gl02KS 
10 k TRW/'"IRC 10 k 8.7 1.77 
CR7 
Carbon Film 1 k R-Ohm 1 k 88 1.45 
R-25J-lk 
(Continued) 
TABLE 8 {concluded) 
RESULTING MODEL ELEMENTS AND DATA PARAMETERS FOR MEASURED RESISTORS 
Group Type of Cardinal Manufacturer 
f3 dB fR II Resistor Value & Catalog II R L c 
(n) (n) (MHz) (uH) (MHz) (pF) 
5 Wirewound 100 TRW/IRC 101 50 0.32 245 1.3 
BW-20-100-5% 
400 Sage/Nytronics 400 88 0.53 150 1.45 
2505B-4000F-l 
1 k Memcor/E-Systems 990 10 15.9 28 1.83 
VL-0010-4100 
0'\ 1 k Ohmite 1 k 29 3.66 53 1.59 
0 995-lA 
6 Wirewound 10 Memcor/E-Systems 9.8 3.9 0.41 200 1.52 
VL-0003-2100 
10 Ohmite 9.9 4 0.38 205 1.52 
995-5B 
25 Dale 24.7 6 0.66 175 1.22 
RS-lB 
measured with GR 1710 Network Analyzer. 
** Data measured with Reflectometer System. 
Table 7 shows that in general the parallel capacitance and the series 
resistance in the models of the measured inductors both increase with increasing 
cardinal inductance as follows: 
Cardinal 
Inductance Parallel c Series R 
(pF) (Q) 
0. 1 11H 1. 3 0. 17 
0.47 11H 1. 5 0. 1 
0.47 11H 1. 5 0. 16 
0.68 11H 1. 5 0.47 
1 11H 1 .8 0.03 
55 11H 2.2 0.79 
100 11H 2.3 2.5 
100 11H 2.5 1. 6 
100 11H 3 3.5 
120 llH 2.2 8.9 
1. 2 mH 2.3 15.6 
3.9 mH 4.4 17.3 
10 mH 4 62.1 
100 mH 7.6 382.5 
Thus, specific ranges of inductors can be modeled fairly accurately with 
values of C and values of R as follows: 
Range of Cardinal 
Values of Inductors Parallel c Series R 
(pF) (n) 
0. 1 to 1 11H 1. 5 0. 17 
1 to 100 vH 2.2 1.5 
100 11H to 1 mH 2.3 5 
1 mH to 10 mH 4 * 
10 mH to 100 mH ** * 
Except for the wirewound resistors, the data in Table 8 indicates that 
the series inductance in the models of the measured resistors was approxi-
mately 20 nH. The series inductance for the wirewound resistors varied con-
siderably with the cardinal value and power rating. Similarly, the parallel 
capacitance of all the measured resistors varied from 1.22 to 2.27 pF with 
* Representative value can not be determined. 
** Insufficient data. 
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a mean value of 1.6 pF. Therefore, except for the wirewound resistors, a 
relatively accurate model of the measured resistors appears to be a 1.6 pF 
capacitor in parallel with a series combination of a 20 nH inductor and thE~ 
cardinal resistance. 
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5.0 RECOMMENDED MODELING TECHNIQUES 
The modeling and analyses based on data available from the manufacturers 
(Task 1) and data measured in the laboratory (Task 2) have identified the 
most appropriate techniques for modeling passive components. The identified 
modeling techniques depend on the type of data being used and the type of 




1. No Available Data- use the following model: 
1 ~ 27 nH 
I J---.r1 o ~ o'....___. 
ccardinal 
2. Available Data Does Not Include ]zl vs f Curve- This category 
includes essentially all the capacitors with data available from 
manufacturers except for electrolytics. The only model that can 
be developed from this data is the cardinal value of capacitance 
in series with the resistance calculated from the dissipation factor. 
(Since it has been shown that this model is inaccurate at high 
frequencies (see Sec.3.2.1.2), it may be advisable to use the model 
in 1 above where only this type data is provided.) 
3. Available Data Includes lzl vs f Curve - For the majority of the 
electrolytic capacitors, manufacturers provide a limited amount 
of data in this category. Also, if measurements are performed 
on capacitors, an impedance curve is the most appropriate data 
to measure. Capacitors with lzl vs f data available are modeled 
as follows: 
o Draw low frequency and high frequency asymptotes to the curve 
with slopes of -6 dB/octave and +6 dB/octave, respectively. 
o Use a configuration for the model of 
The fixed component values (representing parasitic effects) in the models 
which are given for use when no (or insufficient) data is available include 
the effects of the parasitics inherent to the measurement systems used on 
this program. The existence of these instrumentation system effects should 
be considered when using these models. Upon determination of the magnitude 
of the parasitics for a particular measurement system, these fixed values 









Determine the value of C from the low frequency asymptote. 
If this calculated C is within the tolerance of C cardinal' 
use Ccardinal" 
Determine the value of L from the high frequency asymptote 
or, as an alternative, determine the resonant frequency as 
the intersection of the two asymptotes, and then calculate 
L from the resonance frequency. 
If the vs f curve is symmetrical about Z . on log-log m1n 
graph paper, use the value of Z . as R. m1n If the lzl vs f 
curve is unsymmetrical then the method in Appendix F must be 
used to determine R as a function of frequency. 
1. No Available Data- Model the inductor as: 
c 
11.,__----
,..ro-R' ..... ----"\/VV~~...._ 
Lcardinal R 
where the values of R and C depend on the value of Lcardinal as 
follows: 
L cardinal c R 
(~H) (pF) (~) 
0. 1 to 1. 0 1. 5 0. 17 
1. 0 to 100 2.2 1. 5 
100 to 1000 4 5 
Other values of inductors in this category can not be modeled with-
out additional data. 
2. Available Data Does Not Include Jzl vs f Curve- This category 
includes all the inductors with data available from manufacturers. 
Other than the model in 1 above, the only model that can be deter-
mined from this category of data is as follows: 
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o Assume the configuration of the model is the same as in 1 above. 
o Assume the inductance is L d' 1 . car 1na 
o Calculate Cmax from the minimum resonance frequency (fR min) 
given by the manufacturer. 
o If no data related to the quality factor (Q) is given, assume 
that R is Rdc" 
o If Q . @ f. is given and a curve of Q vs f is not given, cal-m1n 1 
culate Rmax @ fi from Qmin" 
o If a curve of Q vs f is given, use one of the following alterna-
tives: 
Calculate and plot R vs f from Q vs f using the equations in 
Step 4 of Sec. 3.4. Then approximate the R vs f curve as a 
parabola (as described in the paragraphs following Step 4 of 
Sec. 3.4). Note that R is a second-order function of frequency. 





where R (the winding loss) and R (the core loss) are calcu-w c 
lated from the Q vs f curve as illustrated in Sec. 3.4. 
3. Available Data Does Include IZI vs f Curve- Inductors will have 
to be measured to place them in this category. They should be 
modeled as follows: 
o Draw asymptotes to curve as shown in Figure 16. 
o Use the following model: 
c 
I I 
___.l .... rro '~' 'WtJ,..I -.~~fTo ro ,......._ 
L R L 
s 
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o Determine the value of L from the +6 dB/octave asymptote before 
the first resonance. If this calculated L is within the toleranc~e 
of Lcardinal' use Lcardinal" 
o Determine the value of C from the -6 dB/octave asymptote. 
o Determine the value of R from the value of the asymptote with 
zero slope at low frequencies. This R should be Rdc" 
o Determine L from the +6 dB/octave asymptote above the second s resonance. 
5.3. Resistors 
* 
1. No Available Data- Except for wirewound resistors, model as 
1.6 pF 
...----11 ---1 ---. 
I" r-o ~ ... ___,/1'\1\/\1~1....._ 
20 nH R cardinal 
(Without additional data, wirewound resistors can not be completely 
modeled in this way because the value of the inductance is not 
known. The configuration of the models and the values of the R 
and C for wirewound resistors are the same as above; however, the 
value of the inductor in the model can not be determined for these 
resistors unless some additional data is obtained.) 
* 2. Available Data Does Not Include IZI vs f Curve- This category 
includes approximately one-third of the surveyed resistors. Resis-· 
tors in this category should be modeled as if no data exists. 
3. Available Data Does Include IZI vs f Curve- Approximately two-
thirds of the surveyed resistors had some form of data that gives 
the impedance as a function of frequency; however, the data does 
not appear to conform to the identified modeling approaches (see 
Sec. 3.5 for possible explanations). Therefore, this data from 
the manufacturers does not support the techniques described herein 
and, at present, the best approach appears to be either use 1 above 
or measure IZI vs f. Resistors for which IZI vs f has been measured 
are modeled as follows: 
o Draw asymptotes to the lzl vs f curve with slopes of 0, +6, and/or 
-6 dB/octave as illustrated in Figure 17. 
Here lzl vs f represents any form of impedance as a function of frequency 
as discussed in Appendix A. 
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o Use a configuration for the model of 
c 
II~---. 
............. '1 0 Olf'--___,~~'----
L R 
o Determine the value of R from the horizontal (zero slope) asymp-
tote of the lzl vs f curve. This is generally Rdc and is approx-
imately R d. 1 . car 1na 
o Determine the value of L from the asymptote with a.slope of 
+6 dB/octave. If such an asymptote does not exist, either 
remove L from the model or for a more accurate model assume 
L = 20 nH (see 1 above). 
o Determine the value of C from the asymptote with a slope of 
-6 dB/octave. If such an asymptote does not exist, either 
eliminate C from the model or for a more accurate model assume 
C = 1.6 pF. 
(It should be noted that the majority of the components examined can 
be represented by simple three-element (or less) models at frequencies up 
to 1 GHz.) 
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6.0 CONCLUSIONS AND RECOMMENDATIONS 
Modeling techniques for use with passive components (capacitors, induc-
tors, and resistors) at frequencies up to 1 GHz have been developed and analyzed 
for accuracy and complexity. The modeling and analyses on Task 1 used data 
available from manufacturers whereas measured data was employed on the Task 2. 
As a part of the second task, measurement techniques were investigated and 
selected. Finally, the recommended modeling techniques for use with various 
types of components and data were summarized. The following general conclusions 
and recommendations have been formulated: 
1. At frequencies up to 1 GHz, most passive components can be accurately 
modeled with simple 3-element models. In many cases, typical value:s 
for the parasitic elements can be assumed without measurement and 
usable results can be obtained. 
2. The manufacturers' data appropriate for modeling components is 
available for only a limited number of component types and then 
for only a restricted frequency range. The manufacturers' data 
is generally labeled as "typical" and, in some cases, the curves 
are apparently intended to show the generic curve of the impedance 
for a large class of components and, thus, are not sufficiently 
accurate to model any single component. Many of the manufacturers' 
curves are physically small and do not provide sufficient resolution 
to permit extracting the data accurately enough to support modeling 
efforts. 
3. The magnitude of the impedance of a passive component can be measurE!d 
up to 1 GHz using currently available instrumentation. 
4. The parasitics of the various measurement instrumentation systems 
do affect the data differently such that there are discrepancies 
at frequencies where the measurement systems overlap. Also, in 
some instances, preliminary measurements indicate that the instru-
mentation parasitics may be of the same order of magnitude as the 
parasitics of the component-under-test. Therefore, some of the 
variations in the measured data are due to these instrumentation 
parasitics. Initial investigations indicate that procedures for 
removing these effects (i.e., correcting the data) can be developed 
if sufficient measurements are performed to accurately define the 
instrumentation parasitics. Further studies should be performed 
and the resulting data correction procedures should be evaluated 
to ensure that the correction procedures do not impact the modeling 
techniques described herein. 
68 
5. Also, it is recommended that a sufficient number of additional 
components be measured to verify the developed data correction 
and modeling techniques for various cardinal values, manufacturing 
processes, and component types. 
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APPENDIX A 
DATA AVAILABLE FROM MANUFACTURERS 
Several manufacturers have limited data that is appropriate for defining 
and modeling the parasitic behavior of passive components (i.e., resistors, 
capacitors, and inductors). The various component manufacturers were surveyed 
to determine the specific data available and to request samples for later 
measurements. In the survey, a total of 36 different manufacturers, including 
44 manufacturing plants or divisions, were contacted. During each contact: 
1. A catalog was requested as a minimum; 
2. Any available data in addition to catalog data was requested; 
3. Measurement facilities and techniques were discussed, and measure-
ment information was requested; and 
4. The possibility of obtaining sample components for later measure-
ments was discussed. 
The majority of the manufacturers' representatives contacted were 
very cooperative and indicated a willingness to help in any way possible. 
Some manufacturers have little or no data describing the parasitic behavior 
of their components while others have some data in addition to their published 
catalogs. Typical comments from manufacturers with very littie data indicated 
that: 
1. Not many customers request such data; 
2. It requires too much effort to measure this data with its limited 
demand; and 
3. The available data leaves a lot to be desired. (It is insuf-
ficient for designing on paper.) 
Approximately 60 percent of the manufacturers' representatives contacted 
supplied current catalog information. Nearly 15 percent of them furnished 
data in addition to their catalogs. About 45 percent of the manufacturers 
forwarded sample components for use in measurements (a total of over 575 
sample components were received). 
A-1 
The data obtained from the manufacturers, as well as some additional 
data available at Georgia Tech and data received from RADC, were classified 
* and categorized according to component type. Twenty-two tables describing 
the data available for 12 categories of capacitors, 6 categories of inductor~~, 
** and 4 categories of resistors were presented in the Task 1 Test Plan. These 
tables list several manufacturers that produce each specific category of 
component and the types and formats of the data they have available for that 
category of component. The information in these detailed tables is summarizE~d 
in Tables A-4, A-5, and A-6 for capacitors, inductors, and resistors, respec-· 
tively. It is apparent from these tables that data related to the parasitic 
behavior of a wide variety of passive components is available from the manu-
facturers. Most of this data is available in manufacturers' catalogs; howevE~r, 
the majority of it is labeled as "typical" for several (or all) values of 
a given type component. Furthermore, considerable variations exist in the 
type of data provided, in the test frequencies used, and in the frequency 
ranges over which the data are specified. 
Typically, the maximum de leakage and the maximum or typical dissipa-
tion factor (DF) at either 120 Hz, 1 kHz, or 1 MHz are given for all capaci-
tors. For all nonelectrolytic capacitors except ceramics, this is the only 
type data available from the majority of manufacturers. For many ceramic 
capacitors, typical graphs of the change in capacitance (~C) and/or DF are 
also given as a function of frequency. Examples of these curves are given 
in Figure A-1. Instead of ~C curves, many manufacturers of electrolytic 
capacitors furnish "typical" graphs of the magnitude of impedance <lzl) ver-
sus frequency as illustrated in Figure A-2. (As this figure shows, some 
manufacturers give curves of the effective series resistance (ESR) instead 
of DF.) For capacitors where data is available as a function of frequency, 
it is usually for frequencies less than 10 MHz. Thus, the major drawbacks 
* The manufacturers from which data was obtained are listed in Tables A-1, 
A-2, and A-3· 
** W. R. Free and J. A. Woody, "Task 1 Test Plan, Parasitic Effects in Discrete 
Passive Components," Contract No. F30602-78-C-0230, Engineering Experiment 
Station, Georgia Institute of Technology, Atlanta, GA, December 1978. 
A-2 
of the data available on most capacitors are the lack of data as a function 
of frequency and the limited frequency range when such data is available. 
Table A-6 indicates that numerous resistor manufacturers provide "typ-
ical" graphs of impedance as some function of frequency. Examples of these 
graphs are given in Figure A-3. Again, the limited frequency range of most 
of this data is the most significant problem. 
In contrast to the capacitor and resistor manufacturers, most of the 
inductor manufacturers provide no data as a function of frequency. The data 
that is available as a function of frequency consists of graphs of the quality 
factor (Q) as illustrated in Figure A-4. Therefore, the drawbacks of the 
available inductor data are also the sparse amount of data and the limited 
frequency range. 
In summary, there is a lack of data available as a function of frequency 
for many passive components. When such data is available from the manufac-
turers, it is generally given for only a limited frequency range and does 
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Figure A-1. Examples of Manufacturers' ~C vs f and DF vs f Curves. 
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Figure A-2. Examples of Manufacturers' Jzl vs f and ESR vs f Curves. 
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American Technical Ceramics 
Aerovox Corp. 
CAPAR Components Corp. 
Cornell-Dubilier Electronics 
Centralab Electronics Division (Globe-Union Inc.) 
Components Importers International, LTD 
Corning Glass Works 
Dearborn Electronics, Inc. (Div. 9f Sprague) 
Electrocube, Inc. 
ELMAG Corp. 
The Electro-Motive Mfg. Co. 
International Electronics Corp. 
Johanson Mfg. Co. 
Union Carbide Corp. 
Mallory Capacitor Co. 
Mepco/Electra, Inc. 
Republic Electronics Corp. 
Nytronics Components Group, Inc. 















Airco Speer Electronics 
Bourns, Inc. 
Caddell-Burns Co. 
Cramer Coil Co. 
Dale Electronics, Inc. 
Delevan Division (American Precision Industries) 
J. W. Miller Division (Bell Industries) 
















CAPAR Components Corp. 
Components Importers International, LTD 
Corning Glass Works 
Dale Electronics, Inc. 





AVAILABLE DATA ON CAPACITORS 
~ 
Manufacturers lzl vs f b.C vs f DF vs f DF @ f DCL * ESR vs f ESR@ f PF vs f PF @ f 
Solid Tantalum 
Corning X X 
IEC X X 
KEMET X X 
CAPAR X X 
Corning X X X 
Sprague X X X 
~ KEMET X X X X 
....... 
0 Sprague X X X X 
Mallory X X X X X 
Tansitor X X X X X 
Tantalum Foil 
CDE X X 
Sprague X X X 
Tansitor X X X X X 
Wet Sintered 
Anode Tantalum 
CDE X X 
Mallory X X 
TABLE A-4 (continued) 
AVAILABLE DATA ON CAPACITORS 
~ 
Manufacturers lzl vs f 6C vs f DF vs f DF @ f DCL ESR vs f ESR @ f PF vs f PF @ f 
Wet Sintered 
Anode Tantalum (continued) 
KEMET X X 
Sprague X X 
Tansitor X X X 
Sprague X X X 
Mallory X X X X X 
Mallory X X X 
:r 
....... 
Aluminum Oxide ....... 
Mallory X 
Sprague X 
CAPAR X X 
IEC X X 
Mepco X X 
Sprague X X X 
Sprague X X X 
CII X 
CDE X X 
Sprague X X 
Mallory X X X 
(continued) 
TABLE A-4 (continued) 
AVAILABLE DATA ON CAPACITORS 
~ 
Manufacturers lzl vs f !J.C vs f DF vs f DF @ f DCL ESR f ESR @ f PF vs f PF @ f 
Aluminum Oxide (continued) 
CDE X X X X 
CDE X X X 
Mallory X X X 
Mepco X X X 
Sprague X X X 
> Sprague X X X 
I 
1-' Sprague X X X I'V 
Mepco X X 
Ceramic 
AVX X X 
Centralab X X 
KEMET X X 
Nytronics X X 
Sprague X X 
Mucon X X 
A-B X X X 
AVX X X X X 
TABLE A-4 (continued) 
AVAILABLE DATA ON CAPACITORS 
~ 
Manufacturers lzl vs f liC vs f DF VS f DF @ f DCL ESR vs f ESR @ f PF vs f PF @ f 
Ceramic (continued) 
AVX ~ .. X X A 
Centralab X X X X 
Sprague X X X X 
Sprague X X 
Mepco X X X 
:r Ceramic TC 
1--1 
w 
ATC X X 
AVX X X 
Coming X X X 
Mucon X X X 
Sprague X X X 
Mica 
AVX X X 
CDE X X 
El-Menco X X 
Sprague X X 
(continued) 
TABLE A-4 (continued) 
AVAILABLE DATA ON CAPACITORS 
~ 




AVX X X 
Dearborn X X 
Sprague X X 





AVX X X 
CII X X 
Electrocube X X 
Nytronics X X 
Sprague X X 
Mepco X X X 
TABLE A-4 (continued) 
AVAILABLE DATA ON CAPACITORS 
~ 
Manufacturers lzl vs f llC vs f DF vs f DF @ f DCL ESR ESR @ f PF vs f PF @ f 
Variable 
Johanson X X 
Johanson X X 
Johanson X X X 
Sprague X X X 
Paper-Plastic Film 
> 
I CAPAR X 1-' 
VI 
ELMAG X 
AVX X X 
CDE X X 
CII X X 
Nytronics X X 
Sprague X X 
Sprague X X 
Sprague X X 
IEC X X 







lzl vs f 
* lzl = Magnitude of impedance 
f = Frequency 
6C Change in capacitance 
8C vs f 
TABLE A-4 (concluded) 
AVAILABLE DATA ON CAPACITORS 






ESR vs f 
DF = Maximum or "typical" dissipation factor 
ESR @ f 
DCL = Maximum leakage current with constant de power applied at rated voltage 
ESR = Maximum or "typical" equivalent series resistance 
PF = Maximum or "typical" power factor 
PF vs f PF @ f 
TABLE A-5 
AVAILABLE DATA ON INDUCTORS 
~ 
fR c Rdc IZI * Manufacturers Q vs f 0@ f __]! vs f 
Molded Shielded RF 
Airco-Speer X X X 
Caddell-Burns X X X 
Dale -X X X 
Delevan X X X 
Nytronics X X X 






Airco-Speer X X X 
Caddell-Burns X X X X 
Cramer X X X 
Dale X X X 
Delevan X X X 
Miller X X X 
(continued) 
TABLE A- 5 (continued) 
AVAILABLE DATA ON INDUCTORS 
~ 
Manufacturers Q vs f 0@ f fR c Rdc IZI vs f _E. 
Audio 
Bourns X X 
TRW X X 
Bourns X X 
Torotel X X X 
Subminiature RF 
> TRW X X 1 
t-' 
co Delevan X X X 
Miller X X X 
Nytronics X X X 
Torotel X X X X 
Chip 
Air co-Speer X X X 





TABLE A-5 (concluded) 


















Q Minimum or "typical" quality factor 
f Frequency 
fR = Minimum resonance frequency 
c p = Equivalent parallel capacitance 
Rdc = Maximum or "typical" de resistance 














AVAILABLE DATA ON RESISTORS 
~ 
L * s 






> Film I 
N 






























z @ f 
TABLE A-6 (concluded) 
AVAILABLE DATA ON RESISTORS 
(I z I vs R) 
@ f's 
X 
IZI vs (f X R) (X vs R) @ f 
* lzl =Magnitude of impedance (may be percent of Rdc) 
f = Frequency 
R = Cardinal value of resistor (the value quoted by the manufacturer) 
X = Equivalent reactance 
C = Equivalent parallel capacitance 
p 
L = Equivalent series inductance 
s 
Q = Quality factor 
Z% = Change in impedance 
R, C ., L ,Q, 
P· S 











TASK 1 COMPONENTS AND APPLICABILITY 
OF TWO MODELING APPROACHES 
In developing and evaluating modeling techniques for use with data avail-
able from the manufacturers, a list of suggested components for consideration 
* was mutually agreed upon and presented in the Task 1 Test Plan . The list 
was subsequently modified to include the cardinal (or catalog) values for 
which data was received from the manufacturers (see Appendix A). The revised 
list is given in Table B-1. (The "ID I" in this table is the identifier 
number assigned to each cardinal value for convenience in the modeling and 
analysis.) 
The initial modeling effort on Task 1 was for the purpose of determining 
the ability to model components from manufacturers' data using the direct 
calculation and the engineering approximation approaches. To accomplish 
this purpose, each of the components in Table B-1 were modeled using these 
two approaches. (Only the models discussed in Section 3 of this report were 
analyzed in detail for accuracy.) The data available from the manufacturers 
was such that a given modeling approach (1) could be used to completely model 
the component; (2) could. be used to partially model the component, or (3) 
could not be used at all. These three applicability conditions are identified 
in Table B-1 as completely, partially, and not, respectively. For example, 
if the only model that can be determined from the manufacturers' data is 
an ideal component of the type that is being modeled (e.g., a capacitor), 
the specific modeling approach under consideration is classified as not appli-
cable. On the other hand, if a simple model such as an ideal component of 
the type being modeled and one other idealized component (e.g., a capacitor 
and a resistor) can be determined with one of the modeling approaches, this 
approach is classified as partially applicable. When a modeling approach 
can be used to develop a more extensive model (i.e., containing three or 
more elements) the approach is classified as completely applicable. 
* W. R. Free and J. A. Woody, "Task 1 Test Plan, Parasitic Effects in Discrete 
Passive Components," Contract No. F30602-78-C-0230, Engineering Experiment 
Station, Georgia Institute of Technology, Atlanta, GA, December 1978. 
B-1 
The applicability information given in Table B-1 indicates that the 
direct calculation modeling approach can be used with the manufacturers' data 
to completely model approximately one half and partially model one third of 
the selected components. In contrast, the engineering approximation approach 
can only be used with this data to completely model one of six and partially 
model one of four of the selected components. Thus, using data from the manu-
facturers, roughly 90 percent of the selected components could be modeled 
with the direct calculation approach and about 40% could be modeled with 
the engineering approximation approach. 
B-2 
TABLE B-1 
SPECIFIC COMPONENTS SELECTED FOR MODELING IN TASK 1 
Applicability 
Manufacturer Cardinal 
of Modeling AEEroaches 
TyEe of ComEonent & TyEe or Series Values ID II Direct Calc. Engrg. AEErox. 
Tantalum Capacitor, Corning MD 0.1 llF (35V) Al Completely Completely 
Solid 10 llF (15V) A2 Completely Completely 
Mallory TAC 0.1 llF (SOV) Bl Partially Partially 
3.3 llF (SOV) B2 Partially Partially 
56 llF (6V) B3 Partially Partially 
b::l 
4. 7 llF (20V) I Tansitor DT Cl Completely Completely w 
4 7 llF (6.3V) C2 Completely Completely 
Tantalum Foil, Tansitor TES 6 llF (SOV) Dl Partially Not 
Capacitor 20 llF (lOOV) D2 Completely Not 
Tantalum Capacitor, Mallory XT 4 llF (360V) El Completely Completely 
Wet Sintered Anode 700 llF (60V) E2 Completely Completely 
Aluminum Oxide Mepco 121 2. 2 llF (40V) Fl Completely Completely 
Capacitor 4. 7 llF (40V) F2 'Completely Completely 
Ceramic Capacitor Aerovox Sky Cap 10 pF (SOV) Gl Partially Not 
4. 7 llF (SOV) G2 Partially Not 
Sprague EB-6251 1200 pF (SOV) Hl Completely Not 
0.01 llF (SOV) H2 Completely Not 
(Continued) 
TABLE B-1 (Continued) 
SPECIFIC COMPONENTS SELECTED FOR MODELING IN TASK 1 
Applicability 
Manufacturer Cardinal 
of Modelins AEEroaches 
TyEe of Component & TyEe or Series Values ID fl Direct Calc. Engrg. Ap2rox. 
Mica Capacitor Sprague EB-1220 5000 pF (lOOV) Il Partially Not 
0.033 11F (lOOV) I2 Partially Not 
El-Menco TDM 43 100 pF (1500\1) Jl Partially Not 
0.01 11F (750V) J2 Partially Not 
t::P 
I 
.p. Metalized Paper- Mepco C280 0.1 11F (lOOV) Kl Partially Not 
Plastic Film 4.7 pF (lOOV) K2 Partially Not 
Capacitor 
Variable Capacitor Johanson 5200 0.8-10 pF (250V) Ll Completely Not 
1-16 pF (250V) L2 Completely Not 
Plastic Film Mepco 424 1100 pF (63V) Ml Partially Not 
Capacitor 6800 pF (63V) M2 Partially Not 
RF Inductor, Nytronics MS 0.47 llH. Nl Completely Not 
Molded Shielded 1200 llH N2 Completely Not 
RF Choke Caddell-Burns 660 0.1 llH 01 Completely Not 
100 llH 02 Completely Not 
(Continued) 
TABLE B-1 (Continued) 
SPECIFIC COMPONENTS SELECTED FOR MODELING IN TASK 1 
Applicability 
Manufacturer Cardinal of Modeling AEEroaches 
TyEe of Component & Type or Series Values ID fl Direct Calc·. Engrg. AEErox. 
Audio Inductor Bourns 4222 0. 7 H Pl Partially Not 
6 H P2 Partially Not 
Torotel 84 50 mH Ql Completely Not 
360 mH Q2 Completely Not 
0::1 
I 
V1 RF Coil, Delevan 155 0.1 llH Rl Completely Not 
Subminiature 100 lJH R2 Completely Not 
Torotel TA & TB 0.1 llH Sl Completely Not 
100 lJH S2 Completely Not 
Variable Inductor, Miller 9100 0.099-0.134 lJH Tl Completely Not 
Shielded 64.57-163 lJH T2 Completely Not 
Carbon Composition Allen-Bradley CB 100 n Ul Not Partially 
Resistor 100 kJ U2 Not Partially 
Carbon Composition TRW/IRC RCR 100 n Vl Partially Partially 
Film Resistor 100 k1 V2 Partially Partially 
Carbon Film CII Y 100 n Wl Not Partially 
Resistor 100 kn W2 Not Partially 
TABLE B-1 (Concluded) 
SPECIFIC COMPONENTS SELECTED FOR MODELING IN TASK 1 
Applicability 
Manufacturer Cardinal 
of Modelins A~Eroaches 
Type of Component & Type or Series Values ID II Direct Calc. Ensrg. Approx. 
Metal Film Resistor Dale MF 100 Q Xl Completely Not 
10 kJ X2 Completely Not 
Metal Film Resistor, TRW/IRC RN & RL 100 Q Yl Not Partially 
o:t High Stability 100 kQ Y2 Not Partially I 
0'1 
Wirewound Resistor Ohmite 100 Q Zl Partially Partially 
10 kQ (l:lW) Z2 Partially Partially 
APPENDIX C 
MEASUREMENT TECHNIQUES 
Based on observations made while using manufacturers' data during Task 
and on investigations of the types of measurement equipments available, 
it was concluded that the most appropriate data for use in modeling passive 
components is their complex impedance as a function of frequency. For this 
reason, techniques for measuring the impedance of components over the frequency 
* range of 5 Hz to 1 GHz were selected for use on Task 2. 
During this selection process, various impedance measurement techniques 
were investigated. The operational procedures, the measurable quantities, 
the applicable frequency ranges, and the associated difficulties and limita-
tions of each potential measurement technique ·were considered. The measure-
ment equipment and systems listed in Table C-1 were chosen for use over the 
indicated frequency ranges. 
The two vector impedance meters (HP 9800A and HP 4815A) complement each 
other in their applicable frequency ranges and together were used at discrete 
frequencies between 5 Hz and 108 MHz to directly measure complex impedances 
(magnitude and phase) with magnitudes from approximately 1n to at least 
100 kn (up to 550 kHz, the HP 4800A will measure magnitudes of impedance 
up to 10M~). Photographs of these two instruments with the respective com-
ponent mounts are shown in Figures C-1 and C-2. The HP 4800A, the top instru-
ment in Figure C-1, has banana jacks for mounting components, while the HP 
4815A has a probe terminated in a component mount as shown in Figure C-3. 
The Network Analyzer System (GR 1710) with its Immittance Probe 
(GR 1710-P5) was used to make swept frequency measurements from 500 kHz to 
500 MHz. It measures the magnitude and phase of the complex impedance for 
components between 0.5n and 1 MQ. This measurement system is shown in Fig-
ures C-2 and C-4. The impedance and frequency outputs of the Network Analyzer 
were connected to a Houston Instrument Series 2000 Omnigraphic X-Y Recorder. 
The GR 1710-P5 Immittance Probe is terminated in the specially fabricated 
• The 5 Hz low frequency was determined by the limitations of the available 
equipment; however, it should be possible to evaluate the data at lower fre-
quencies by extrapolating from the measured data. 
C-1 
component mount shown in the photographs in Figure C-5. This component 
mount was made from a 1/2-inch (13-mm) thick aluminum plate with a center 
hole, threaded to screw on the Immittance Probe. A 1/4-inch (6-mm) long 
teflon rod was also threaded such that it would screw into the center hole 
in the aluminum plate. The purpose of this rod was to hold a No. 6 screw 
which made contact with the center conductor of the probe and to insulate 
this center-conductor screw from the aluminum plate. The component-under-
test was then mounted between the center-conductor screw and the aluminum 
* plate. (Figure C-5b shows the component mount with a short.) 
A block diagram of the insertion loss measurement system is given in 
Figure C-6a. This swept frequency system was used for a quick, uncalibrated 
determination of the general characteristics of the component-under-test from 
500 kHz to 1 GHz. The resulting plot of the relative insertion loss as a func-
tion of frequency was used to determine which frequency ranges should be meas-
ured in detail with the other equipments or systems. The Insertion Unit in 
Figure C-6a is a coaxial component mount. If the component was expected to 
hqve a relatively high impedance (parallel resonance) at its first resonance 
(e.g., inductors), it was mounted in series in the Insertion Unit as shown in 
F~gure C-6b. In contrast, components (such as most capacitors) with antici-
pated low values at their first resonance were mounted in shunt in the Inser-
tion Unit as shown in Figure C-6c. Components (such as resistors) for which 
the relative magnitude of their impedance at the first resonance could not 
be anticipated were measured in both series and shunt configurations. 
The final measurement system used on this program was a reflectometer 
system as shown in Figure C-7. This system was used at discrete frequencies 
from 100 MHz to 1 GHz to measure the complex reflection coefficient resulting 
when the component-under-test is used to terminate a 50n coaxial line. The 
complex impedance was then calculated from the measured reflection coeffi-
** cient. The component was mounted on the component mount described previously 
and shown in Figure C-5. The component mount was then connected to the direc·· 
* The nominal lead length was 1 em for each end of the component. 
** "Measurement of Complex Impedance," Application Note 77-3, Hewlett Packard, 
Palo Alto, CA, April 1967. 
C-2 
tional coupler through appropriate 50 Q coaxial adapters as shown in Figure 
C-7(a). (The digital voltmeter shown on top of the vector voltmeter in this 
photo was used for convenience in reading the incident and reflected voltages 
measured with the vector voltmeter.) 
For each component-under-test (see Appendix D), the insertion loss meas-
urement system was first used to determine the generic shape of the impedance 
characteristics of the component, i.e., the frequencies at which resonances 
occur. Then the other measurement techniques were employed to obtain more 
detailed impedance data. Measurements were made with the vector impedance 
meters and the reflectometer system at discrete frequencies of 10-20-50-100-
200-500-1000-etc. (This sequence was chosen because these frequencies are 
approximately the same linear distances apart on logrithmic paper.) Near 
resonances the number of measurement frequencies were increased to ensure 
that the characteristics of the impedance were well defined around resonance. 
The measurements made with the network analyzer were swept frequency in nature 
and, thus, completely de~cribed the characteristics at all frequencies. 
For each component, impedance data were obtained using the five selected 
measurement techniques. The measured data were combined into graphs each 
covering the frequency range from 1 Hz to 1 GHz. The graph for each measured 
component is presented in Appendix D. 
C-3 
Figure C-1. Vector Impedance Meters--HP 4800A 
on the top and HP 4815A on the bottom. 
Figure C-2. Vector Impedance Meters and Network Analyzer System--
GR 1710 Network Analyzer System on the Right· 
C-4 
Figure C-3. Component Mount/Probe for HP 4815A Vector Impedance Meter. 
Figure C-4. GR 1710 Network Analyzer System. 
C-5 
(a) Component Mount with a Resistor. 
(b) Component Mount with a Short. 
Figure C-5. Component Mount for GR 1710 Network Analyzer System. 
c-6 
Tracking 
Insertion Unit Generator -- GR 874-X HP 8444A 









(a) Insertion Loss System. 




(b) Series mounted component 
in coaxial insertion unit. 
C.U.T. = Component Under Test 
(c) 
C.U.T. 
Shunt mounted component 







Yigure C-6. Insertion Loss Measurement System in Component Mounts. 
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(b) Block Diagram. 
Figure C-7. Reflectometer Measurement System. 
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TABLE C-1 
TASK 2 MEASUREMENT EQUIPMENT AND SYSTEMS 
Applicable 
* Model Frequency Quantities Measurement 
Type Manufacturer tf Range Measured ~ Range 
Vector Impedance Hewlett Packard 4800A 5 Hz to 550 kHz lzl ~ 1 Q to 10 MQ 
Meter ez ~ -90u to +90u 
RF Vector Hewlett Packard 4815A 500 kHz to 108 MHz IZI + 0.6 Q to 100 kQ 
Impedance Meter ez ~ -180° to +180° 
("') 
I RF Network \0 
Analyzer System: 
IZI Main Frame General Radio 1710 System 500 kHz to 500 MHz ~ 0.5 Q to 1 MQ 
Immittance Probe General Radio 1710-P5 ez ~ -180° to +180° 
Insertion Loss IL series 
~ 0 to 60 dB 
System: IL h ~ 0 to 60 dB 
Spectrum Analyzer Hewlett Packard 141T System s unt 
Tracking Generator Hewlett Packard 8444A 500 kHz to 1 GHz 
Insertion Unit General Radio 847-X 
Reflectometer System: 
Sweep Generator Hewlett Packard 8660C IP I ~ 0 to 1 
Vector Voltmeter Hewlett Packard 8405A 100 MHz to 1 GHz 





TABLE C-1 (concluded) 
TASK 2 MEASUREMENT EQUIPMENT AND SYSTEMS 
lz ·1 = magnitude of the complex impedance 
ez = phase angle of the complex impedance 
IL . = insertion loss measured when component is mounted in series 
ser1es with the measurement circuit. Refer to Figure C-6b 
IL = insertion loss measured when component is mounted in shunt 
shunt across the measurement circuit. Refer to Figure C-6c 
IPI =magnitude of the reflection coefficient 
? e = phase angle of the reflection coefficient 
~ ====p=================================================================================================== 
APPENDIX D 
TYPICAL MEASURED DATA 
Using the measurement techniques described in Appendix c, the impedance 
of various components as a function of frequency were measured on Task 2 of 
this program. A total of 68 components including 29 capacitors, 14 induc-
tors, and 25 resistors were selected for measurement. These components were 
selected primarily from the sample components received from manufacturers 
(see Appendix A). Where necessary, these samples were supplemented by pur-
chases from local distributors. The types of components were chosen from 
those identified in the Task 1 Test Plan. Descriptions of the selected capa-
citors, inductors, and resistors are given in Tables D-1, D-2, and D-3, respec-
tively. The type of component, manufacturer, catalog number, cardinal value, 
and other pertinent data are included in these tables. 
The complex impedances (magnitude and phase) of all the components iden-
tified in these tables were measured from 5Hz to 1 GHz (see Appendix C). For 
each component two graphs were plotted: (1) the magnitude of Z <lzl) versus 
frequency (f) and (2) the phase of Z (8 2 ) versus f. Thus, a total of 136 
graphs of measured data, each covering an eight and one-half decade frequency 
range, was obtained. To reduce this amount of data to a more manageable 
level, the lzl vs f curves for each of the three categories of components 
(capacitors, inductors, and resistors), were divided into groups according to 
the general shape of the curves. One curve from each group was then selected 
as being representative of that group. 
The groups are defined according to their characteristics in Tables D-4, 
D-5, and D-6 for the capacitor, inductors, and resistors, respectively. In 
these tables the "Y" (for Yes) indicates that a given characteristic of the 
curve applies to a specific group while "N" (for No) indicates that it does 
not apply. (It is noted that the definition of the characteristics of each 
group is somewhat arbitrary and was based on a subjective visual examination 
of each curve.) Based on these definitions, the measured capacitors, induc-
tors, and resistors are grouped in Tables D-7, D-8, and D-9, respectively. 
These tables also identify the specific components whose lzl vs f curves 
were chosen as representative of each group. The lzl vs f curves selected 
D-1 
as representative are given in the "a" parts of Figures D-1 through D-17. 
The modeling and analysis of the measured data as described in Sec. 4.0 are 
also shown on this part of each figure. The "b" parts show the resulting 
per cent difference between the measured data and the data calculated from 
* the model. The curves are arranged in these 17 figures in the same order a:s 
the components are listed in Tables D-7, D-8, and D-9. 
In summary, the complex impedances of 68 components were measured over 
the 5 Hz to 1 GHz frequency range. The resulting 136 lzl vs f graphs were 
reduced to a more practical number of 17. This reduction was accomplished 
by grouping the lzl vs f curves according to the characteristics of their 
shapes and then selecting a representative curve from each group. These 
representative curves are given in Figures D-1 through D-17. 
* It should be noted that the "b" curves are plotted on a linear scale and 
thus tend to exaggerate the differences between the measured data and the 
model data. Thus relatively good correlation on the "a" curves between the 
calculated and measured behavior can in many cases result in seemingly wide 
variations on the "b" curves. These same conunents apply to corresponding 
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TABLE D-1 
CAPACITORS SELECTED FOR MEASUREMENT 
Type of Cardinal Working 
Component Manufacturer Catalog If Value Tolerance Voltage Comments 
(%) (VDC) 
Tantalum, Tansitor Wl0-50ClK 10 ]lF ±10 50 
Wet Sin-
tered Tansitor UW820-10C3Ml 820 11F ±20 10 Ultra high C 
Sprague 109Dl56C2075F2 15 J..lF 75 Gelled Electrolyte 
Sprague 109D226X0025C2 22 11F ±20 25 Gelled Electrolyte 
~ 
I Tantalum, Sprague 150Dl56X9035 15 pF ±10 35 Hermetically sealed; N 
0 Solid axial leads 
Sprague 15 OD333XOO 35 0.033 11F ±20 35 Hermetically sealed; 
axial leads 
Sprague 150D474X9035A2 0.47 pF ±10 35 Hermetically sealed; 
axial leads 
Sprague 196Dl06X9035PC4 10 11F ±10 35 Resin dipped; radial leads 
Sprague 196Dl85X9035JA1 1.8 ]lF ±10 35 Resin dipped; radial leads 



















Mica EL Menco 
Sprague 
TABLE D-1 (continued) 
CAPACITORS SELECTED FOR MEASUREMENT 
Cardinal Working 
Catalog II Value Tolerance Voltage 
(%) (VDC) 
111Bl02K 0.001 JJF ±10 100 
107Bl04M 0.1 JlF ±20 100 
WMF-1S47 0.047 llF ±10 100 
160P 6TM-D25 0.0025 pF ±10 600 
160P 6TM-D50 0.005 11F ±10 600 
431P-205 2 11F ±10 50 
CPR 3900J 3900 pF ±5 500 
CPR lO,OOOJ 0.01 l!F ±5 
CM-30-E-472J 0.0047 ].IF ±5 500 




Dual polyester - paper 
dielectric 
Dual polyester - paper 
dielectric 

















TABLE D-1 (concluded) 
CAPACITORS SELECTED FOR MEASUREMENT 
Cardinal Working 
Catalog II Value Tolerance Voltage 
(%) (VDC) 
DM-15-200J 20 pF ±5 500 
DM-15-201J 200 pF ±5 500 
DM-15-471J 470 pF ±5 500 
DD 100 10 pF ±10 lk 
DD 102 1000 pF ±10 lk 
DD 103 0.01 llF ±10 lk 
10TCC-Q20 20 pF ±5 lk 
10TCC-Q47 47 pF ±5 lk 












INDUCTORS SELECTED FOR MEASUREMENT 
Type of Cardinal 
Co~onent Manufacturer Catalog II Value Tolerance Comments 
(%) 
RFtShielded Nytronics Wee-0.47 0.47 JlH ±10 Phenolic core 
Molded 
Miniature Nytronics Wee-100 100 _pH ±5 Ferrite core 
{epoxy) 
Nytronics SWD-0.47 0.47 pH ±10 Phenolic core; MIL-STD Type 
Nyt rori'i cs SWD-1200 1200 JlH ±10 Ferrite core; MIL-STD Type 
Delevan 1641-101 0.1 _pH ±10 Phenolic core; iron sleeve 
7 RF, Uolded Delevan 2500-76 10,000 l!H ±5 Iron (LT = lOk) core 
N 
w 
Nytronics DD-120 120 pH ±10 Ferrite core; subminiature 
RF Choke Miller 4602 1 }lH ±20 Phenolic core; single layer 
Miller 4629 55 llH ±5 Iron core; single layer 
Miller 4632 100 pH ±5 Iron core; single layer 
Miller 4668 3.9 mH ±5 Iron core; 3 section 
Miller 9230-16 0.68 l!H ±10 Micro-miniature molded 
phenolic core 
Miller 9350-08 100 11H ±10 Molded iron core 
Miller 994 100 mH ±5 Air core PC RF choke 
TABLE. D-3 
RESISTORS SELECTED FOR MEASUREMENT 
Type of Cardinal 
Component Manufacturer Catalog II Value Tolerance Wattage Comments 
(Q) (%) (Watts) 
Carbon Allen-Bradley CB27Gl 2.7 ±10 1/4 RCR07G2R7K Type 
Composition 
Allen-Bradley CB5601 56 ±10 1/4 RCR07G560K Type 
Allen-Bradley CB3911 390 ±10 1/4 RCR07G391K Type 
Allen-Bradley CB1521 1.5k ±10 1/4 RCR07Gl52K Type 
tj 
TRW/IRC 1/2 I Carbon RCR20Gl01KS 100 ±10 Non-Spiral N 
~ Composition 
Film TRW/IRC RCR20Gl02KS lk ±10 1/2 Non-Spiral 
TRW/IRC CR7 lOk ±5 1 Thick Film Spiral 
Carbon R-Ohm R-25J-100 100 ±5 1/4 Spiral 
Film 
R-Ohm R-25J-l k lk ±5 1/4 Spiral 
Metal Film Caddock MS 151 100 ±1 1/2 Metal Oxide; spiral; 
power; thick film 
Caddock MS 310 50k ±1 10 Metal Oxide; spiral; 
power; thick film 
(continued) 
TABLE D-3 (_continued} 
RES IS TORS SELRCTED FOR MEASUREMENT 
Type of Cardinal 
Com12onent Manufacturer Catalog II Value Tolerance Wattage Comments 
(n) (%) (Watts) 
Metal Film Corning C4-28R-l 28 ±1 1/4 RL075 Type, Tin Oxide; 
Thick Film 
Corning FP3-12K-10% 12 k ±10 3 Tin Oxide; Thick Film 
Coming NA55-47R-l% 47 ±1 1/8 RN55D Type; Tin Oxide; 
Thick Film 
Coming MC65-52.3K-0.1% 52.3 k ±0.1 1/4 RN65C Type; Nichro~; 
Thick Film 
t:::l TRW/IRC AR40 100 k ±0.05 0.3 Radial Leads ; Thin Film 
I 
N 
V1 TRW/IRC MAR 3 1.65 k ±1 1/20 Thin Film 
TRW/IRC MAR 7 100 ±0.5 1/4 Thin Film 
Wirewound TRW/IRC BW-20-100-5% 100 ±5 1 Alloy resistance wire on 
fiberglass core 
Dale RS-lB 25 ±1 1.1 Copper-nickel or nickel-
chrome alloy on ceramic 
core 
Sage/Nytronics 250SB-4000F-l 400 ±1 1 Beryllia core 
Memcor/E-systems VL-0003-2100 10 3 









TABLE D-3 (concluded) 
RESISTORS SELECTED FOR MEASUREMENT 
Cardinal 
Catalog II Value Tolerance Wattage 
~~n (%) (Watts) 
995-5B ( 4561) 10 ±5 5 
995-1A(4123) 1 .k ±5 1-1/2 
Comments 
Vitrenous Enamel Coating 
on Steatite Ceramic Core 
TABLE D-4 
CHARACTERISTICS OF EACH GROUP OF 
MEASURED CAPACITOR DATA 
Characteristics of !z I vs f Curves GrouE Number 
1 2 3 4 5 6 
* Q undefined because of insufficient data y N N N N N 
Q << 1 N y y N .N N 
Q ~ 1 N N N y N N 
Q ~ 2 N N N N y N 
3 < Q < 5 N N N N N y 
Q ~ 7 N N N N N N 
Slope of curve suddenly decreased N N y N N N 
approximately 2 decades below the 
resonance frequency 
* Q is defined as the ratio of the resonance frequency and the 
3 dB bandwidth where this bandwidth is the difference in the 
frequencies at which the jzJ is 3 dB greater than 
1.414 times Jzlmin) 
TABLE D-5 
CHARACTERISTICS OF EACH GROUP OF 
MEASURED INDUCTOR DATA 
Jz\ . (i.e., m1n 
Characteristics of lzl vs f Curves GrouE Number 
1 2 3 4 
Number of resonance frequencies 1 1 1 2 
Curve has constant low frequency value N N y y 
Curve extends at least a frequency y N y y 











CHARACTERISTICS OF EACH GROUP OF 
MEASURED RESISTOR DATA 
Characteristics of I zj vs f Curves 
* Curve stops at a frequency lower than f3 dB 
1 
y 
Curve stops at a frequency only slightly N 
greater than f3 dB 
Curve has only positive slope above f3 dB N 
Curve has only negative slope above f3 dB N 
Curve has a resonance and Q < 5 N 
Curve has a resonance and Q > 10 N 
* 
Grou_E Number 
2 3 4 5 
N N N N 
y N N N 
N y N N 
N N y N 
N N N y 
N N N N 
f3 dB is the frequency at which the lzl curve and its 

























MEASURED CAPACITORS--LISTED ACCORDING TO THE 
GROUPS DEFINED IN TABLE D-4 
Components Whose lzl 
Cardinal Manufacturer Curves Were Chosen 
Value & Catalog II Representative of Each 
10 1-1F Tansitor 
Wl0-50ClK 
15 1-1F Sprague X 
109Dl56C2075F2 (See Figure D-1) 
22 1-1F Sprague 
109D226X0025C2 
820 1-1F Tansitor 
UW820-10C3Ml 
10 llF Sprague 
196Dl06X9035PC4 
15 llF Sprague 
150Dl56X9035 
2 llF Sprague 
431P-205 
0.47 1-1F Sprague X 
150D47 4X9035A2 




















TABLE D-7 (Continued) 
MEASURED CAPACITORS--LISTED ACCORDING TO THE 
GROUPS DEFINED IN TABLE D-4 
Components Whose lzl 
Cardinal Manufacturer Curves Were Chosen 
Value & Catalog II Representative of Each 
0.033 llF Sprague X 
150D333X0035 
50 llF Mallory 
TT25X50A 
0.047 llF CDE X 
WMF-1S47 
0.1 llF Nytronics 
170Bl04M 
10,000 pF Centralab X 
CPR 10, OOOJ 
0.01 llF Centralab X 
DD 103 
1000 pF Centralab 
DD 102 
















TABLE D-7 (Continued) 
MEASURED CAPACITORS--LISTED ACCORDING TO THE 
GROUPS DEFINED IN TABLE D-4 
Components Whose lzi vs f 
Cardinal Manufacturer Curves Were Chosen as 
Value & Catalog II Representative of Each Group 
0.0025 llF Sprague 
6TM-D25 
0. 005 llF Sprague X 
6TM-D50 
3900 pF Centralab 
CPR 3900J 
10 pF Centralab 
DD 100 
20 pF Sprague 
10TCC-Q20 
47 pF Sprague 
10TCC-Q47 
200 pF Sprague X 
10TCC-T20 
20 pF Arco 
DM-15-200J 
(continued) 









TABLE D-7 (Concluded) 
MEASURED CAPACITORS--LISTED ACCORDING TO THE 
GROUPS DEFINED IN TABLE D-4 
Components Whose lzl 
Cardinal Manufacturer Curves Were Chosen 
Value & Catalog II Representative of Each 
200 pF Arco 
DM-15-201J 
470 pF Arco 
DM-15-471J 
510 pF Sprague 
424ME5100J501 





Group Type of 
# Inductor 
1 RF Choke 










4 RF Choke 
RF, Molded 
TABLE D-8 
MEASURED INDUCTORS--LISTED ACCORDING TO THE 
GROUPS DEFINED IN TABLE D-5 
Components Whose lzl vs f 
Cardinal Manufacturer Curves Were Chosen as 
Value & Catalog fl Representative of Each Group 
55 llH Miller 4629 X 
0.68 llH Miller 9230-16 
l llH Miller 4602 
0.1 llH Delevan 1641-101 
0.47 llH Nytronics SWD-0.47 
0.47 llH Nytronics Wee-0.47 X 
100 llH Miller 4632 X 
100 llH Miller 9350-08 
100 llH Nytronics Wee-100 
1200 llH Nytronics SWD-1200 
120 llH Nytronics DD-120 
3.9 mH Miller 4668 
100 mH Miller 994 X 
10,000 llH Delevan 2500-76 
Group Type of 
II Resistor 
1 Metal Film 












MEASURED RESISTORS--LISTED ACCORDING TO THE 
GROUPS DEFINED IN TABLE D-6 
Cardinal Manufacturer 
Components Whose lzl vs f 
Curves Were Chosen as 
Value & Catalog II ReEresentative of Each Group 
<n> 
















2.7 Allen-Bradley X 
CB27Gl 
(Continued) 
Group Type of 
II Resistor 









TABLE D-9 (Continued) 
MEASURED RESISTORS--LISTED ACCORDING TO THE 
GROUPS DEFINED IN TABLE D-6 
Cardinal Manufacturer 
Components Whose lzl vs f 
Curves Were Chosen as 
Value & Catalog II ReEresentative of Each GrouE 
(Q) 
1.65 k TRW/IRC 
MAR3 
12 k Corning 
FP3-12k-10% 
50 k Caddock 
MS310 
52.3 k Corning X 
MC65-52.3k-O.l% 
100 k TRW/IRC 
AR40 
1.5 k Allen-Bradley 
CB1521 
1 k TRW/IRC 
RCR20Gl02KS 
10 k TRW/IRC 
CR7 
1 k R-Ohm 
R-25J-1K 
(continued) 








TABLE D-9 (Concluded) 
MEASURED RESISTORS--LISTED ACCORDING TO THE 
GROUPS DEFINED IN TABLE D-6 
Cardinal Manufacturer 
Components Whose lzl vs f 
Curves Were Chosen as 




400 Sage/Nytronics X 
250SB-4000F-l 
1 k Memcor/E-Systems 
VL-0010-4100 








PRELIMINARY ANALYSIS OF INSTRUMENTATION PARASITICS 
The applicable frequency ranges of several of the measurement techniques 
overlapped (see Table D-1). At the common frequencies, measurements were 
made using each of the different measurement techniques. (The data obtained 
from each technique is plotted on the graphs in Appendix D.) It should be 
noted that, at these common measurement frequencies, different values of the 
complex impedance were obtained for the same component. Furthermore, these 
differences obtained with the various measurement techniques appear to be 
greater at the higher measurement frequencies. 
As a preliminary investigation of these differences, several components 
were measured at a common frequency of 100 MHz using the HP 4815A RF Vector 
Impedance Meter, the GR 1710 RF Network Analyzer, and the reflectometer system. 
The magnitudes of the impedances obtained from these measurements are given 
in Table E-1. This data shows that the differences vary with the measurement 
techniques, the types of components, and the cardinal values of the components. 
Therefore, nine different cardinal values of the same type component (1/4 watt, 
carbon composition resistor by Allen-Bradley) were measured at 100 MHz using 
the same three measurement techniques as above. The results of these measure-
ments and the de resistances are given in Table E-2. Figure E-1 shows how 
the magnitude of·the impedance of the resistors as measured with the GR 1710 
Network Analyzer varies as a function of frequency. 
These initial investigations indicate that the differences are probably 
due to the parasitics of the different instrumentation systems, cables, and 
component mounts. Such differences and their variations appear to be a result 
of the relationship between the magnitudes of the impedance of the component 
under test, of the component's parasitics, and of the instrumentation para-
sitics. If the magnitude of the impedance-to-be-determined is high, then 
the distributed ·parallel capacitance of the measurement system is likely 
to be of the same order-of-magnitude and, thus, cause the measured impedance 
to be too low. On the other hand, if the magnitude of the impedance-to-be-
determined is low, the parasitic series inductance of the measurement system 
may be of the same order-of-magnitude and, thus, cause the measured impedance 
to be too high. 
E-1 
There are some exceptions to these two rules-of-thumb. For example, 
preliminary measurements indicate that the "open-circuit" impedance of the 
reflectometer system is inductive with a magnitude of approximately 1 kn (equiv-
alent to a 0.16 ~H inductor at 1 GHz). Therefore, obviously if the component 
being measured is an inductor with an impedance on the order of 1 kQ, the 
measured value will be approximately 500 n. Conversely, if the component 
being measured is capacitive, it can form a parallel resonant circuit with 
the parasitic inductance of the measurement system and the impedance can 
become very large at the resonance frequency. 
·In order to determine the feasibility of removing the effects of the 
instrumentation parasitics from the measured data, a brief analysis of the 
GR 1710 Network Analyzer data given in Table E-2 was performed. In Figure E-·1, 
the measured impedance curves for the short-circuit and "open-circuit" (no 
component on the mount) conditions are given. The "open-circuit" impedance 
curve decreases at a rate of approximately 6 dB/octave (20 dB/decade) and, 
thus, implies that the combination of the component mount, probe, cabling, 
etc. are capacitive under "open-circuit" conditions. The jzl = 1.3 kQ at 
100 MHz represents a capacitance of 1.2 pF. Similarly, the fact that the 
short-circuit curve increases at a rate of approximately 20 dB/decade implies 
that the instrumentation is inductive under short-circuit conditions. On 
the straight line approximation (dotted line) to this curve, the jzj = 2.9Q 
at 100 MHz indicates an inductance of 4.6 nH. Therefore, assume that the 
equivalent circuit of the instrumentation parasitics is as shown in Figure 
E-2. 
Using the impedances given in Table E-2 for the GR 1710 Network Analyzer 
as the measured Z (Z ) and the circuit in Figure E-2, the corrected impedance 
m 
of the component (Z ) was calculated. The calculated Z 's given in Table E-3 
u u 
are obviously not equal to the Rdc's and are not even pure resistances. There-
fore, a circuit model was synthesized for the Z 's. If the phase of Z was 
u u 
positive, the model was assumed to be an R representing Rdc in series with 
an inductor (L). Thus, Z = R + jwL. Alternatively, if the phase of Z 
u u 
was negative, the model was assumed to be the R in parallel with a capacitor 
(C) and, thus, Z = R(1/jwC)/(R + 1/jwC). The calculated R's, L's, and C's 
u 
for the models for each of the nine cardinal values are given in Table E-4. 
E-2 
Also, a measure of the difference (E) between the calculated R and the de 
R is given in percent (E would be the percent error if Rdc was the correct 
value of Rat 100 MHz). From this data, the following observations were 
made: 
o Except for very small and very large cardinal values, the differ-
ences between Rand Rdc are small (typically <20%). 
o The majority of the L's are approximately 14nH. 
o The majority of the C's are approximately 0.5pF. 
Based on the above and related preliminary analyses (of the impedance 
of one type of component at one measurement frequency), the following conclu-
sions have been developed related to instrumentation parasitics: 
o If the parasitics of the instrumentation system are characterized, 
the measured data can be corrected by removing their effects. 
o Such data is needed for each measurement technique. 
o Such data is needed as a function of frequency or at least at each 
measurement frequency. 
Thus, a correction technique for removing the instrumentation parasitics 
from measured impedance data is indicated. However, before this technique 
is employed on all measured data, its appropriateness for all the measurement 
techniques, for each type of component, and for each measurement frequency 
must be ascertained. Therefore, it is recommended that further investigations 
be directed toward defining each measurement system's inherent parasitics, 
defining the effects of the parasitics on the measured impedance, investigating 
the variation of these effects with the magnitude of the impedance being 
measured and with the type of component under test, identifying the most 
appropriate techniques for removing the effects from the measured data, and 































Figure E-1. Measured Impedance of Various Cardinal 
Values of 1/4-watt Carbon Composition 
Allen-Bradley Resistors. 
E-4 











Figure E-2. Circuit Showing Possible Instrumentation 
Parasitics Relative to the Measured Z 
and the Component-under-Test. 
E-5 
TABLE E-1 
MAGNITUDE OF THE IMPEDANCE MEASURED FOR SELECTED 
COMPONENTS AT 100 MHZ USING DIFFERENT MEASUREMENT TECHNIQUES 
ImEedance Ma~itude 
Component HP 4815A Vector GR 1710 Network Reflectometer 
Under Test Impedance Meter Analyzer System 
c = 2200 pF 13.7 Q 8 Q 6.6 Q 
c = 10 lJF 25.5 n 20 \2 14.7 \1 
L = 0.1 lili 43 Q 38 ] 37 Q 
L = 100 lJH 0.58 k~ o. 55 kQ 1. 79 kQ 
R = 1 kQ 0.57 kQ 0.6 k\1 1. 3 kQ 
TABLE E-2 
MEASURED COMPLEX IMPEDANCE FOR VARIOUS CARDINAL VALUES 
OF 1/4-WATT, CARBON COMPOSITION RESISTORS 
ImEedance 
(ohms/degrees) 
Cardinal DC HP 4815A Vector GR 1710 Network Reflectometer 
Resistance Resistance ImEedance Meter Analyzer System 
(Q) (Q) 
1.2 1.3 1.93/89 10.3/80 10.4/82 
3.9 4.2 6/80 13/67 10.4/69 
10 10.8 23/64 16/48.5 15.5/47 
33 36.4 42/28 36/17.5 37.8/16 
100 108.1 109/5 92/-1 111.4/8 
390 371.6 325/-21 310/-20.5 389.8/4 
1 k 1057 660/-49 680/-46 1141/17 
3.9 k 3739 780/-75 850/-72.5 6360/88 
10 k 10.5 k 830/-84 940/-81 4079/121 * 




UNKNOWN COMPONENT I~~EDANCE CALCULATED FROM 
MEASURED IMPEDANCE ASSUMING INSTRUMENTATION 
PARASITICS GIVEN IN FIGURE E-2. 
cardinal Rdc z z m u 
(n) (~ ) (n I degrees) G1 /degrees) 
1.2 1.·3 10.3/80 7.4/76.2 
3.9 4.2 13/67 10.3/61 
10 10.8 16/48.5 13.9/41.1 
33 36.4 36/17.5 35.0/14.5 
100 108.1 92/-1 92.2/1.2 
390 371.6 310/-20.5 330.3/-7.6 
1 k 1057 680/-46 943.6/-16.6 
3.9 k 3739 850/-72.5 1974.1/-46.1 
10 k 10.5 k 940/-81 2967.1/-60.6 
E-7 














SYNTHESIZED CIRCUIT MODELS FOR CORRECTED 
IMPEDANCE DATA GIVEN IN TABLE C-4 
z 
u Synthesized Model 
(Q I degrees) 
7.4/76.2 R = 1. 8 Q & L = 11.4 nH 
10.3/61 R= 5.'0 Q & L = 14.3 nH 





13.9/41.1 R = 10.5 Q & L = 14.5 nH ~ -2.8 
35/14.5 F = 33.9 n & L = 13.9 nH L R -6.9 
92.2/1.2 R= 92.2 n & L = 3.1 nH -14.7 
330.3/-7.6 333.2 Q & c = c -10.3 R = 0.64 pF ( _o_ 943.6/-16.6 R = 984.6 Q & c = 0.48 pF -6.8 
1974.1/-46.1 R = 2847 Q & c = 0.58 pF ~ R -23.9 
2967.1/-60.6 R = 6044 Q & c = 0.47 pF -42.4 
X 100 
APPENDIX F 
MODELING AND ANALYSIS OF EXCEPTIONS 
TO GENERIC CURVES 
With the exception .of three curves, the impedance curves for all the 
measured data match one of four generic curves (see Figures 15, 16, and 17). 
Therefore, these generic curves were used in Sec. 4.0 to illustrate the mod-
eling techniques used with the measured data. The modeling and analysis for 
the three components whose impedance curves were exceptions to the generic 
curves are summarized in this appendix. 
The first curve which is given in Figure F-1 is for the 15 UF tantalum 
capacitor (Sprague 109D156C2075F2) which represents Group #1 in Table D-7. 
This curve is similar to the generic curve given in Figure 15; however, the 
minimum value of this curve is below the measurement capabilities of the in-
strumentation (i.e., <1ru. Thus, the series resistance (R) in the following s 




This resistance can be approximated in most cases by visually estimating the 
minimum value of the impedance <I z I) 
the minimum value is estimated to be 
and C and L are determined from the 
in Sec. 3.0. The resulting element 
R = 650 mn, s 
C = 13.3 uF, and 
L = 26 nH. 
on the curve. For example, in Figure 
0. 65Q. Thus, R s is assumed to be 650 
asymptotes on Figure F-1 as described 
values are 




The second exception to the generic curves is given in Figure F-2. This 
impedance curve is for the 0.033 ~F tantalum capacitor (Sprague 150D333X0035) 
which represents Group #3 in Table D-7. Again, this curve is similar to 
the generic curve given in Figure 15. In fact, it was modeled using the 
techniques given in Sec. 4.0 and the results were presented in Figure D-3. 
However, the model is very inaccurate approximately one frequency decade 
below ]Zimin" This inaccuracy appears to be due to assuming that the series 
resistance is a constant. Therefore, the lzl curve was remodeled using the 
technique which assumes that the series resistance is a function of frequency 




0.033 ~F 22 nH 
The impedances calculated from this model are shown in Figure F-2. This 
technique results in a more accurate model for this group of capacitors as 
can be seen in Figure F-3. This figure give the differences between the 
measured IZI and the calculated lzl in per cent for both modeling techniques 
(i.e., assuming R is a constant and assuming R is a function of frequency). 
Figure F-3 shows that the percentage difference is reduced considerably (i.e., 
the model accuracy is improved) by assuming that R is frequency dependent. 
The final exception to the generic curves is given in Figure F-4 for 
the 100 mH RF choke (Miller 994) which represents Group #4 in Table D-8. 
This impedance curve is similar to the generic curve given in Figure 16 and 
it was modeled in Sec. 4.0 (see Figure D-11) as if it matched the generic 
curve. However, this curve has additional resonances above the first resonant 
frequency of 170 kHz. In order to account for these other resonances and, 
thus, refine the model, successive applications of the guidelines and rules-
of-thumb presented in Sec. 4.0 were employed to obtain a considerably more 




___....I '106"1' Vth~l_ .... ----~~--~'00~ 
103.02 mH 324.5 Q 0.48 mH 58 Q 27 nH 
The impedances calculated from this model are also shown on Figure F-4. 
This figure indicates that the model accurately predicts all the characteris-
tics of the inductor except for the value of lzl at some of the resonance 
frequencies. The value of the model IZI could be improved at the resonances 
by continued refinement through the application of the guidelines in Sec. 
4.0; however, the model obviously would become more complex. 
In summary, three exceptions to the generic impedance curves in Sec. 4.0 
have been presented. Techniques for modeling these curves have been described 
based upon application of the guidelines and rules-of-thumb presented in 
Sec. 4.0. It is concluded that as the impedance curve is modeled in more 
detail, the complexity of the resulting model increases either in element 
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